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ABSTRACT 
This dissertation presents work to help understand the compatibilization of 
polymer blends with multiblock copolymers. Due to their blockiness and possible 
multiple interface crossings, multiblock copolymers have been hypothesized to be 
effective compatibilizers. The first part of this project involved synthesizing multi block 
copolymers with alternating blocks of styrene and methyl methacrylate. Triblock, 
pentablock, and heptablock multiblock copolymers were synthesized by atom transfer 
radical polymerization techniques. This method is novel in that the resultant copolymers 
were very blocky in nature, and yet can be synthesized regardless of the direction of 
cross-propagation. 
Next, these styrene/methyl methacrylate multiblock copolymers and other 
copolymer structures were analyzed as compatibilizers for polystyrene and poly(methyl 
methacrylate ). This study provided a model system for the compatibilization of 
PS/PMMA interfaces by copolymers with varying architectures or structures. 
Compatibilization was determined by analysis with the asymmetric double cantilever 
beam test. Optimum strengthening for this system was observed with maximum number 
of blocks that are longer than a critical block length. Dependence of the interfacial 
fracture toughness on copolymer composition was not observed for the multiblock 
copolymers studied. In addition, block length of multiblock copolymers influences 
interfacial modification. Increasing block lengths in multiblock copolymers of a given 
architecture increased interfacial adhesion and block lengths greater than 21,000 are 
required for adequate anchoring in a PS/PMMA system. 
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Finally, a multiblock compatibilizer used in commercial applications was studied. 
Multiblock or blocky chlorinated polyethylenes (bCPE's) were evaluated as 
compatibilizers of poly(vinyl chloride) and polyolefin elastomers. Compatibilization was 
determined by ADCB and peel test experiments. A series of bCPE' s with varying 
composition (% chlorine) and molecular weights was compared to one randomly 
distributed chlorinated polyethylene (rCPE). Results indicate that improvement in the 
interfacial adhesion between PVC and POE was more pronounced with the bCPE' s than 
with rCPE. In addition, the optimum bCPE composition was determined to be 20% 
chlorine and the interfacial adhesion force was found to increase with increasing 
molecular weight. The POE/CPE interaction was found to govern the ability of 
chlorinated polyethylene to compatibilize PVC and POE. 
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CHAPTER I 
Introduction to Compatibilization of Polymer Blends 
This chapter introduces the concept of compatibilization of polymer blends. It 
includes historical and background information concerning the blending of polymers and 
obstacles that are encountered. In addition, compatibilization of polymer blends by 
multiblock copolymers is discussed. 
1.1 
Advantages 
Polymer blends or multi-component polymeric systems continue to be an area of 
considerable research interest. Polymer blends are defined as an intimate mixture of two 
or more different polymers that are not covalently bonded to one another. 1•2 Blend 
properties are largely determined by their individual polymer components and 
characteristics of these components may be combined and tuned to develop a completely 
new product with desired attributes. 2-5 Properties such as impact resistance, thermal 
properties, melt viscosity, toughness, processability, high temperature performance, 
modulus, softening point, solvent resistance, dimensional stability, strength-to-weight 
ratio, expansion coefficients, and others can be varied to attain the exact combination of 
properties preferred. Just as metal alloys have long been used because they have 
properties unattainable in any one metal alone, polymeric alloys or polymer blends can be 
used to obtain properties unattainable in any one polymer.2•3 Along these same lines, 
polymer blending may also induce synergism of properties.3 Synergy gives rise to higher 
performance in polymer blends than polymers individually are capable of achieving, and 
1 
is defined when a particular property is significantly greater or lower in the blend than in 
either component individually. 
One important driving force for industry to develop polymer blends is economic 
factors. Development of completely new polymers with desired properties is very time 
consuming and expensive.3•4 Polymer blends offer a faster, cheaper route to develop new 
materials. Besides eliminating high costs associated with development, polymer blending 
can lower costs by dilution with less expensive polymers. 3 Expensive polymers may be 
blended with more economical polymers to lower material costs. If properties of the 
more expensive polymer can be retained while lowering costs, then blending of polymers 
is clearly favored. 
Another use of polymer blending is in recycling industrial or municipal scrap 
plastics. 1•3 Currently, recycling plastic involves costly, time consuming steps of sorting 
and separating the individual types of plastic, which is due to the arrival of the scrap from 
the consumer in a mixed state. For example, the commonly recycled plastic soda bottle is 
composed of a number of different polymers which have to be separated before 
recycling. 1 Poly(ethylene terephalate) makes up the bulk of the bottle; however, a 
number of other polymers/plastics are used to make up the remaining components. The 
high density polyethylene base is held in place by an ethylene-co-vinyl acetate glue. A 
polypropylene label is used, while polypropylene is also used for the bottle cap with a 
SBS (styrene-butadiene-styrene) block copolymer as its gasket. If a polymer blending 
method could be developed that retained good properties, costly separation steps 




While there are clearly many advantages to blending polymers, there is one 
glaring disadvantage that must be overcome to maximize the use of polymer blends, the 
fact that most polymers do not mix.1-7 Like oil and water, most polymer pairs are 
immiscible and exist as phase separated domains of the individual polymers resulting in 
large interf acial surface tensions, poor interf acial adhesion, and sharp interfaces between 
phases. 2-5 These factors result in poor mechanical properties in the system. Mechanical 
properties such as tensile strength, toughness, and impact resistance are largely 
determined by how materials respond to stress, and the presence of sharp interfaces in the 
blend introduces weak points in the resulting two-phase material that cannot sustain an 
applied stress. 2•3 To gain the benefits of blending, these attributes must be improved in 
polymer blends. 
Miscibility in polymer blends is defined as complete solubility or mixing between 
polymers and it has a very strict thermodynamic definition. Thermodynamic miscibility 
occurs when the Gibbs free energy of mixing, �Gmix, is negative (equation 1.1).1-3•6•7 
�Gmix < 0 (1.1) 
The classical theory of thermodynamics is given in equation 1.2 where �Hmix is the 
enthalpy of mixing, �Smix represents the entropy of mixing, and T is the temperature. 
�Gmix = Liff mix - T �Smix (1.2) 
To obtain a more useful thermodynamic relationship for the non-ideal character of 
polymer solutions, a statistical approach is used to relate enthalpy and entropy of mixing 
3 
to molecular properties, such as interactions between molecules and arrangements of 
polymer molecules. Flory-Huggins theory attempts to include these parameters and 
predict the thermodynamics of polymer solutions. 1 ·2·6•7 This model places polymer 
molecules on a lattice with each monomer occupying a single lattice site and monomers 
of a single polymer molecule occupying a set of adjacent lattice sites. The entropy 
portion of the free energy of mixing is calculated by a combinatorial approach 
(calculating the possible number of conformations attained by the polymer molecules), 
while the enthalpy of mixing is described by the Flory-Huggins interaction parameter, X· 
Further details and derivations of the Flory-Huggins model can be found elsewhere. 1 ·6 •7 
Equation 1 .3 gives the expression for the Gibbs free energy of mixing two polymers. 1 
�Grrux = <l> 1 <l>2X + <l> 1 In <l> 1 + <l>2 In <l>2 
RT N1 � 
(1 .3) 
In equation 1 .3 ,  R is the universal gas constant, T is the temperature , <1> 1 and <1>2 are 
polymer volume fractions, N 1 and N2 are the degree of polymerizations of each polymer, 
and X is the Flory-Huggins interaction parameter. The first term, <l> 1<1>2X, comes from the 
interaction enthalpy, while the last two terms, <l>1 In <l> 1/N1 and <1>2 In <I>2/N2, represent the 
combinatorial entropy of mixing. 
Due to low entropy of mixing, most polymer pairs are immiscible.2-4 Specifically, 
degree of polymerizations, N1 and N2, become large for high polymer molecules and the 
resulting entropy in equation 1 .3 become rather small. Therefore, the enthalpic term 
dominates the expression for the free energy of mixing. For most polymer blends, the 
enthalpy term is positive. 1 ·2·7 The old rule of "like dissolves like" almost always holds 
true giving positive enthalpy values for polymer blends. Because of this, the free energy 
4 
of mixing is also usually positive resulting in phase separation in polymer blends. For 
small molecule blends, such as metal alloys, positive enthalpy terms can be overcome by 
the large entropy of mixing that can occur. 2 
1.3 
Compatibilization 
To obtain useful materials, immiscible polymer blends must be compatibilized. 
Compatibilized blends are not necessarily miscible blends, but blends that satisfy certain 
industrial or engineering criteria for usefulness such as advantageous mechanical 
properties.3 An incompatible blend does not satisfy the criteria, and thus is not very 
useful. While miscibility has a very strict definition, compatibility has a more relative 
definition. A compatibilized blend may still be immiscible, but have improved 
properties. A fully miscible system is considered completely compatible with one phase 
present, while an incompatible system is one in which immiscibility is always present.3 
The goal of compatibilization is not to create a completely miscible phase, but to gain 
control of the size of phase domains (morphology) and the adhesion between phases in 
order to control blend p�operties. 2-5 
A common method of compatibilization is the introduction of another component 
known as a compatibilizer.2-5•8 Compatibilizers are polymers that increase the degree of 
compatibility in polymer blends. Just as surfactants (soaps and detergents) are used to 
disperse aqueous (water) and non-polar ( oil) phases, compatibilizers work as polymeric 
surfactants in polymer blends to yield finer dispersions and promote adhesion between 
polymer phases. Compatibilizers or polymeric surfactants are made up of segments that 
5 
have an affinity for each of the initial polymers.2•3 The result is compatibilizer molecules 
located between the two polymer phases modifying and reinforcing the interface. 
Compatibilizer molecules cross the interface and entangle with both homopolymers 
forming "stitches" accomplishing interface reinforcement.2•3 •8 The result is a coupling of 
the two phases over which stress can be transferred improving mechanical properties of 
the blend. In addition, the presence of compatibilizers at the interfaces results in 
promotion of interfacial adhesion, reduction of interfacial surface tension, and inhibition 
of droplet coalescence between phases, which brings about an improved, stable 
morphology with a finer dispersion.2'3 Compatibilizers affect polymer blends in many 
ways, and because of this they often are referred to by other names such as polymeric 
surfactants, interfacial modifiers, coupling agents, adhesion promoters, and interfacial 
agents.2-5 
Copolymers are commonly used as compatibilizers in immiscible polymer blends. 
Copolymers are polymers with more than one type of monomer or repeated unit 
present. 1•6•7 To be used as compatibilizers, copolymers must have blocks or sections that 
are chemically distinct with some sections miscible with one blend component and the 
other sections miscible with the remaining component.2•3 Often, the copolymer is 
composed of the same monomers that are used in the polymers making up the blend. For 
instance, polystyrene and polypropylene blends can be compatibilized by poly(styrene-b­
propylene) diblock copolymer.2 The styrene block of the diblock copolymer interacts 
with the polystyrene phase while the propylene block interacts with polypropylene. 
While the greatest miscibility is most likely to occur between copolymer and polymers 
made up of the same monomer, other monomers can be used in the copolymers. 
6 
Polystyrene and polypropylene blends have also been compatibilized with a poly(styrene­
b-butadiene-b-styrene) triblock copolymer.2 In this case, the butadiene block interacts 
with polypropylene. 
In any event, copolymer molecules anchor into the respective homopolymer 
phases providing a link between phases resulting in compatibilization. Anchoring can 
occur by entanglements or by specific interactions between homopolymer and copolymer 
such as hydrogen bonding.2•4•5 Pre-made copolymers can be added as a third component 
in polymer blends or copolymers can be formed in-situ by reactive processing.4•5 
Reactive processing uses oligomers with reactive end groups (telechelics) to make 
copolymers during processing. 
1.4 
Copolymer Architecture/Structure 
Copolymers can have many different shapes or architectures and sequence 
distributions. Architecture and sequence distribution of the copolymer are important 
parameters that impact the solubility, and thus the ability of a copolymer to compatibilize 
a polymer blend. The sequence distribution of a copolymer can be parameterized by 
quantifying the departure from randomness of the monomers in the copolymer chain. 
One parameter that tracks this deviation from randomness is Px given in equation 1.4. 1 
(1.4) 
P2 {AB }  is the number fraction of AB diads, while P 1 {A }  and P 1 {B }  are the mole 
fractions of A monomers and B monomers, respectively. Essentially, Px is a normalized 
probability of finding an A monomer next to a B monomer along the copolymer chain. 
7 
Px ranges from O (for infinitely long block copolymers) to 2 (for a purely alternating 
copolymer). A statistically random copolymer would have a Px value of 1. Values of Px 
> 1 would give a 'random' copolymer with an alternating tendency and Px < 1 are 
attributed to 'random' copolymers with blocky tendencies. 
Thus, the sequence distribution of a linear copolymer can vary continuously from 
alternating to blocky and this randomness/Px value of a copolymer will certainly play an 
important role in the ability of the copolymer to modify a biphasic interface. This is best 
exemplified by discussing the most probable alignment/arrangement/conformation of the 
copolymer at the biphasic interface. Departure from randomness, Px, can also be 
described in terms of blockiness or how likely the structure is to have blocks of 
monomers together. Diblock copolymers are considered the most blocky in this study, 
and their Px values are closest to zero of all the copolymers. Graft and multiblock 
copolymers are less blocky than diblock copolymers and have Px values greater than 
those found for diblock copolymers. In multiblock copolymers, a greater number of 
blocks gives increased Px values and the blockiness of the copolymer decreases. For 
graft copolymers, increasing the number of grafted side chains yields the same result, 
increased Px values and decreased blockiness. Random copolymers are even less blocky, 
but alternating copolymers are the least blocky of all the copolymers. 
Besides solubility, copolymer sequence distribution and architecture also 
influence copolymer alignment at interfaces. This concept is illustrated in Figures 1.1 -
1.3 for copolymers at a sharp interface when the interface is lightly covered (before 
saturation at the interface occurs). Figure 1.1 shows the possible conformations of 
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Figure 1.1 : Diblock, triblock, and comb graft copolymer alignments at an 
interface between polymer A and polymer B. 
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Figure 1.2:  Pentablock and heptablock copolymer alignments at an interface 
between polymer A and polymer B .  
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Figure 1.3:  Random and alternating copolymer alignments at an interface 
between polymer A and polymer B .  
11 
diblock, triblock, and graft (comb type) copolymers, while Figures 1.2 and 1.3 reveal the 
conformations for pentablock and heptablock copolymers and for random, and alternating 
copolymers, respectively. In these illustrations, black circles represent monomers that are 
soluble in the polymer A phase, and white circles are monomers that are miscible with 
the polymer B phase. If the interface is sharp, diblock copolymers will cross the interface 
only once,9• 1 0  however as the number of blocks increases, the number of interface 
crossings also increases. For example, a triblock has two interface crossings, 1 1 - 13 a 
pentablock has four interface crossings, and a heptablock has six interface crossings. In a 
similar manner, the number of interface crossings increases with more side chains present 
in graft copolymers. For each side chain present, graft copolymers have a possible 
interface crossing. Random and alternating copolymers are believed to cross the 
interface multiple times although the exact number is not known. 
As suggested by theory, 1 4-20 it seems logical to assume that the more times 
copolymer molecules cross the interface the more effective interfacial modifier that 
copolymer would be. There would be more joints or "stitches" sewing the two phases 
together, creating a stronger interface over which stress can be transferred. Copolymer 
failure at the interface occurs by two methods. Either the molecules are broken, called 
chain scission, or sections pull out of the homopolymer phases, referred to as chain 
pullout. S- lo  More interface crossings by copolymer chains would require more joints that 
would have to be broken or sections that would have to be pulled out for failure. 
Number of interface crossings is just one aspect of the copolymer architecture or 
structure that must be considered in order to find the most effective compatibilizer. 
Another factor is the ability of the copolymer molecule to anchor into the homopolymers. 
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For copolymers of the same length, diblock copolymers can penetrate deeper forming 
entanglements with the homopolymers. With only a single interface crossing, diblock 
copolymers align perpendicular to the interface with each block reaching far into its 
respective homopolymer phase. Hence, diblock copolymers with long enough blocks 
would be anchored or entangled much more strongly than a random copolymer of the 
same length. In addition, diblock copolymers with longer blocks would be able to 
penetrate deeper and anchor more effectively than ones with shorter blocks. For 
example, increasing block lengths in poly(styrene-b-2-vinylpyridine) diblocks resulted in 
an increased interfacial strength between polystyrene and poly(2-vinylpyridine).8•9•2 1•22 A 
symmetric poly(styrene-b-2-vinylpyridine) di block with 50,000 molecular weight blocks 
had a maximum interfacial fracture toughness of 40 J/m2 , while a similar symmetric 
poly(styrene-b-2-vinylpyridine) diblock with 80,000 molecular weight blocks had a 
maximum interfacial fracture toughness of 150 J/m2 •22 
Obviously, these factors, anchoring and interface crossings, must be balanced to 
maximize the compatibilizing ability of copolymer molecules. Currently, there is no 
clear picture of how copolymer architecture and sequence distribution affects the 
compatibilization of a polymer blend. Monomer pairs studied over the entire sequence 
distribution would help gain this understanding; unfortunately, this has not been done. 
Compatibilization studies have primarily evaluated diblock and random copolymers, 
while ignoring alternating and multiblock copolymers. Multiblock copolymers may 
provide the right balance of multiple interface crossings and retention of blockiness 




A few theoretical studies have investigated the ability of multiblock copolymers 
to compatibilize polymer blends. Noolandi theorized that diblock and triblock 
copolymers would align perpendicularly to the interface plane resulting in dumb-bell 
shaped conformations. 23 Di block and triblock molecules shown in Figure 1.1 illustrate 
these molecules occupying more space across the interfaces than along it. The opposite 
is found for the pentablock and heptablock copolymers given in Figure 1.2. Multiblock 
copolymers with greater number of blocks are orientated more along the plane of the 
interface and thus form pancake shaped conformations. 23 Pancake shaped conformations 
require less material to cover a given interfacial area than dumb-bell shaped 
conformations. The result is less copolymer material required to saturate a bisphasic 
interface. Furthermore, multiblock copolymers are less likely than diblock copolymers to 
form micelles or mesophases. Supporting this theory, Kramer and coworkers found that 
the critical concentration for micelle formation was higher for triblock copolymers than 
that for diblock copolymers. Poly[(2-vinylpyridine)-b-styrene-b-(2-vinylpyridine)] 
triblock copolymer had a larger critical micelle concentration than that of a similar 
molecular weight poly(styrene-b-2-vinylpyridine) diblock copolymer. 12 The critical 
micelle concentration is the critical concentration where microphase separation of the 
copolymer from the homopolymer phases is observed. It is conjectured that further 
increases in number of blocks would give rise to even higher critical micelle 
concentrations, and therefore more copolymer material can be added to a polymer blend 
before microphase separation occurs. Due to alignment of multiblock copolymers at an 
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interface, Noolandi speculated that "multiblock copolymers should be effective as 
polymeric surfactants, provided that the blocks are large enough to form loops which 
extend well beyond the original homopolymer interface, and to enable physical 
entanglements or chemical linkages to form with homopolymers."23 
Monte Carlo computer simulations were also used to theoretically calculate the 
ability of multiblock copolymers to compatibilize. Balazs placed a single comb or 
multiblock copolymer at a penetratable interface between two immiscible 
homopolymers. 19•20 Simulations were completed to examine the geometry of the 
copolymers at the interface and determine how the copolymer conformation is perturbed 
from its random coil dimensions. Good compatibilizers should penetrate and extend 
significantly into the blended homopolymers while poor compatibilizers will not. Comb 
copolymers were evaluated with varying the number of teeth (grafted side chains). In 
addition, multiblock copolymers were evaluated with varying number of blocks that were 
the same composition as the comb copolymers studied. Lengths of teeth and blocks of 
multiblocks were also varied. Results indicated that provided blocks were long enough to 
form entanglements with the homopolymers, the number of effective crossings at the 
interface or "stitches" that a copolymer was capable of achieving determines the 
improvement of interfacial adhesion. 1 9•20 Multiblock and comb copolymers have more 
interface crossings than certain types of copolymers, thus may be effective interfacial 
modifiers. 
Also using Monte Carlo methods, Dadmun found that blocky-type copolymers 
should be effective interfacial modifiers for the compatibilization of polymer blends. 14- 1 8  
Monte Carlo simulations determined configurations of copolymer structures with varying 
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sequence distributions. Copolymer volumes at an interface between two homopolymers 
were monitored to determine the ability of a copolymer structure to strengthen the 
interface_ I 4, I 5  Increasing copolymer volume was attributed to interactions or 
entanglements with homopolymer molecules causing swelling. Smaller copolymer 
volumes were assigned to poor interactions with the homopolymers. Copolymer 
structures with more entanglements, and thus greater interf acial copolymer volumes were 
considered better compatibilizers. Of all the sequence distributions studied, block and 
alternating copolymers were found to expand the greatest at the interface into the 
homopolymer phases. Random copolymers interacted much less with the homopolymers 
to give much smaller volumes. These results indicate that blocky-type copolymers will 
be much better compatibilizers than random copolymers. 
1.6 
Experimental Studies 
Experimentally, multiblock copolymers have also been demonstrated to be very 
effective interfacial modifiers. Dai and Kramer published results indicating that 
multiblock copolymers were proficient at compatibilizing polystyrene (PS) and poly(2-
vinylpyridine) (PVP) provided that the molecular weights of the blocks were much 
greater than the entanglement molecular weight of the homopolymers_ I I Poly(PVP-b-PS­
b-PVP) triblock copolymers reinforced the interface between PS and PVP better than 
poly(PS-b-PVP) diblock copolymers at thick copolymer layers. Interfacial strengths 
were determined by an asymmetric double cantilever beam test which measures the 
interfacial fracture toughness of a compatibilized interface between two polymers. This 
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same test was also used to determine the compatibilization of PS/PVP interfaces with 
multiblock copolymers composed of blocks of PS and poly(4-hydroxystyrene), 
PS(OH).24 A poly[PS-b-PS(OH)-b-PS-b-PS(OH)-b-PS] pentablock was found to be a 
more effective interfacial modifier than the poly[PS(OH)-b-PS-b-PS(OH)] triblock 
copolymers. Thus, both of these PS/PVP studies, suggest that increasing the number of 
blocks or possible interface crossings of the compatibilizer results in greater interfacial 
strength provided the blocks are long enough to entangle with the homopolymer. 
Multiblock copolymers can also be used to compatibilize polystyrene and 
polyolefin blends. These polymers are blended to improve the impact resistance of 
polystyrene. Polyolefins such as polybutadiene,25-27 polypropylene,28-32 polyethylene,27 
ethylene-propylene rubber,33•34 and ethylene-butylene rubber33 have been blended with 
polystyrene to produce an impact resistant polystyrene material . Phillips 66 K-Resin®, a 
commercial multiblock copolymer composed of styrene and butadiene monomer blocks, 
was used to compatibilize polystyrene and polybutadiene blends. 25 Blends 
compatibilized with this material demonstrated some beneficial increase in the impact 
strength through Izod impact testing. Blends compatibilized with random and diblock 
copolymers had lower impact strengths than blends with the K-Resin® . Thus, the 
multiblock copolymer was a more effective compatibilizer than styrene-butadiene 
random and diblock copolymers of similar molecular weight. 
Multiblock copolymers composed of styrene and butadiene blocks were also used 
to compatibilize polystyrene and polypropylene blends.28-32 Blends with styrene­
butadiene triblock and pentablock compatibilizers demonstrated better mechanical 
properties, such as impact strength and tensile properties, than either diblock or 
17 
heptablock blends. Using transmission electron microscopy, blends compatibilized with 
triblock and pentablock copolymers were shown to yield finer dispersions than the other 
copolymers studied. The authors attributed the lower mechanical strength and larger 
dispersions of blends compatibilized with the heptablock copolymers to higher molecular 
weights which may hinder the heptablock chains from diffusing to the interface. 
Otherwise, increasing the number of blocks in the copolymer� structure gave better 
properties in polystyrene and polypropylene blends. 
1.7 
Strategy 
As demonstrated by theoretical and experimental studies, multiblock copolymers 
are hypothesized to be effective compatibilizers due to their retention of blockiness and 
possible multiple interface crossings. This work was completed to help understand the 
compatibilization of polymer blends with multiblock copolymers as compared to other 
copolymer architectures such as random copolymers. Currently, there is very little 
information on how changing the copolymer architecture or sequence distribution will 
exactly impact the ability of a copolymer to compatibilize an interface. While substantial 
work has been completed on understanding the fundamentals of the mechanism by which 
copolymers can compatibilize immiscible polymer blends, there is no clear picture of 
how copolymer architecture and sequence distribution affects the ability of a given 
copolymer to compatibilize a polymer blend. Different copolymer structures such as 
diblock, random, multiblock, alternating, and graft copolymers have been examined as 
compatibilizers, but comparison of these results does not provide conclusive insight into 
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the role of copolymer microstructure in the interfacial modification process . This is 
primarily because other parameters such as copolymer composition, molecular weight 
and monomer pair also varies in these studies and thus separation of sequence 
distribution effects cannot be definitively achieved. 
Thus, to more thoroughly understand the importance of copolymer architecture on 
its ability to compatibilize an immiscible polymer blend and develop a model system in 
order to help design new compatibilizers, the ability of a copolymer to modify the 
interface in a phase-separated polymer blend will be determined for a series of 
copolymers with varying sequence distribution for one monomer pair. The monomer pair 
chosen for thi s study is styrene (S) and methyl methacrylate (MMA). This pair is chosen 
due to the availability of the copolymers with a variety of sequence distributions and the 
fact that significant data appears in the literature for PS and PMMA homopolymers 
compatibilized by random,45.46•49 diblock,46•50•53 and graft50 copolymers . Styrene/methyl 
methacrylate random, alternating, and diblock copolymers can be readily purchased or 
synthesized. The multiblock copolymers are more difficult to obtain, therefore, a method 
to synthesize triblock, pentablock, and heptablock copolymers with alternating blocks of 
styrene and methyl methacrylate will be developed using atom transfer radical 
polymerization. 
Next, the styrene and methyl methacrylate copolymers with varying architectures 
but similar molecular weight will be analyzed as compatibilizers for polystyrene and 
poly(methyl methacrylate) homopolymers . Compatibilization will be determined by the 
asymmetric double cantilever beam (ADCB) test, which is a commonly used technique to 
determine the improvement in interf acial strength between PS and PMMA. 
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Finally, another system will also be studied to determine if results obtained from 
the model system can be broadly applied. This other system studied is currently being 
used in industrial applications and uses commercially available chlorinated polyethylenes 
to compatibilize blends of poly(vinyl chloride) and polyolefin elastomers. The ability of 
both multiblock and random chlorinated polyethylenes will be compared to determine the 
improvement in interfacial adhesion when placed between PVC and polyolefin elastomer. 
Compatibilization and improvement in interfacial adhesion will be determined by ADCB 
and peel test experiments. 
20 
CHAPTER 2 
Determination of Compatibilization in Polymer Blends 
This chapter presents experimental techniques that can be used to determine the 
ability of multiblock copolymers or any compatibilizer to compatibilize polymer blends. 
It is by no means a comprehensive list of techniques us_ed to determine compatibilization, 
but it provides details of the more common techniques used. In addition, the primary 
focus of this chapter is on the experimental methods used in this research project to 
determine compatibilization of polymer blends with multiblock copolymers. 
2.1 
Experimental Techniques to Determine Compatibilization 
One of the most common methods used in industry to determine compatibilization 
is to evaluate mechanical properties of compatibilized polymer blends. Mechanical 
properties, such as tensile and impact resistance, are dependent on the response of the 
interface to an applied stress. 2•3 As mentioned in Chapter 1, compatibilizers can promote 
adhesion between phases and provide a method to transfer stress across the interface. 2 •3 
The resulting stress transfer allows improved mechanical properties; thus, mechanical 
testing can provide beneficial evidence of compatibilization in polymer blends. 
A number of mechanical properties can be evaluated to determine the presence of 
compatibilization. For example, lnstron testing is used to determine the tensile properties 
by stretching materials under constant force (stress).6'28 This type of analysis can be used 
to find the elastic modulus, yield strength, ultimate strength, and percent elongation to 
break of compatibilized blends. In addition, lzod or Charpy tests can determine the 
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impact resistance of blends.6•25•28•35 Both impact tests determine how well materials 
respond to a sudden onset of stress by a hammer strike. These mechanical evaluations 
can be used to compare properties of compatibilized blends to those of uncompatibilized 
blends in order to determine the improvement in mechanical properties. 
Another measure of compatibilization is the domain size or morphology of a 
polymer blend.2-5 Even after adequate mixing, immiscible polymer blends eventually 
form large phase separated domains. The coarsening phase morphology is driven by the 
large interfacial surface tension present between immiscible polymers.3 On the other 
hand, compatibilized blends have increased adhesion between phases and lower 
interfacial surface tensions, which bring about more desirable finer dispersions. 2-5 
During mixing, large shear forces result in temporary small droplets (fine dispersion), but 
the droplets reform (coalescence) in uncompatibilized blends when mixing stops to form 
coarse morphology. There is evidence that copolymers added to polymer blends inhibit 
droplets from coalescing to yield finer dispersions. 36-38 
Microscopy techniques are used to determine the domain size or morphology of 
polymer blends. Primarily, electron microscopy, such as scanning electron microscopy 
(SEM) or transmission electron microscopy (TEM), have been used, but optical 
microscopy has also been implemented. 28-32•36-38 Microscopy can be performed as a static 
method (after blends are already prepared) or as a dynamic/in situ process (during 
mixing). Due to their high resolution, SEM and TEM are usually used to determine 
domain sizes during static analysis. If the morphology needs to be observed during and 
just after mixing, such as to observe droplet coalescence, optical microscopy is the 
technique of choice. 36-38 
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Both mechanical properties and morphology of compatibilized blends are not only 
dependent on the method of compatibilization, but other factors such as the type and 
duration of mixing. Additionally compatibilizer diffusion to the interface can influence 
the final properties of the blend.2-5•28-32 By eliminating these additional factors, 
investigation of the interfacial strength of a model compatibilized interface can give a 
better indication of compatibilization and the effect of the copolymer architecture on 
compatibilization. Measurement of interfacial strength determines the ability of 
compatibilizers to reinforce the interface to facilitate compatibilization. A very 
convenient and reliable test to determine interfacial strength of a compatibilized interface 
is the asymmetric double .cantilever beam test (ADCB). 8• 1 1 •2 1 •22•24•39-6 1 This type of 
analysis determines the interfacial fracture toughness of a crack propagating at an 
interface between two homopolymers. It involves driving a razor blade into the interface 
between two joined rectangular bars of the homopolymers and measuring the resulting 
crack lengths. The ADCB test is used to determine interfacial strengths primarily 
between glassy polymers.39 Another method, peel testing, can be used with rubbery 
polymers to determine interfacial strength and compatibilization between immiscible 
polymers when one or both polymers are flexible .39 Peel testing measures the amount of 
force required to peel two layers apart. Because ADCB and peel testing are very 
effective methods of determining interfacial strength in polymer blends, both methods are 
used throughout this dissertation to determine compatibilization in polymer blends. 
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2.2 
Asymmetric Double Cantilever Beam Test 
The interf acial fracture toughness, Ge, of a crack propagating at an interface 
between two polymer is determined by the asymmetric double cantilever beam test 
(ADCB).8• 1 1 •2 1 •22•24•39-6 1 This test geometry finds the amount of energy released as a crack 
propagates at an interface and provides a value for the interfacial strength and 
compatibilization.8•39-46 The procedure involves driving a razor blade at the interface 
between two homopolymer layers/bars and measuring the length of the resulting crack as 
shown in Figure 2.1. In fact, the ADCB is often referred to as the razor blade test. 
Shorter crack lengths are associated with stronger interfacial adhesion between two 
layers, while longer crack lengths indicate weaker interfacial strength. 
The primary interest is determining the ability of copolymers to transfer stress 
across the interface to mechanically strengthen the interface.43 However, in ADCB 
testing, this mechanism occurs over a very small, microscopic scale ( ~ 50 nm) and there 
are other larger scale mechanisms that must be taken into account. For instance, 
microscopic scale mechanisms ( ~ 1- 10 µm) such as plastic deformation at the crack tip, 
and macroscopic scale mechanisms (sample size) influence the observed mechanical 
strength. Examples of macroscopic properties important during ADCB testing are the 
loading geometry and polymer elastic constants.43 To determine the proper loading 
geometry (sample size), fracture mechanics of the crack propagation at the interface must 
be taken into account. 39-46 The various types of mechanical modes of stress applied to a 
double cantilever beam test can be seen in Figure 2.2. 3•39 There are tensile stress (mode I) 
and shear stresses either in the plane of the crack (mode II) or perpendicular to it (mode 
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Figure 2.1 : Illustration of the asymmetric double cantilever beam test. This test 
measures the length of the resulting crack ( a) that propagates at an interface 







(shear stress .l) 
Figure 2.2: Modes of mechanical failure upon cracking of double cantilever beam test. 
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III). 3 •39 Insertion of a razor blade at the interface mainly results in mode I and mode II 
stress, with very little contribution from mode III stress. Therefore, mode III stress is 
ignored for this type of analysis. The type of mode that dominates during fracture and 
how modes are related will affect how and where the crack propagates. 39-46 Mode I stress 
can be represented by the tensile stress intensity factor, K1, and mode II stress is  
represented by the shear stress intensity factor, K11•40-43 The tensile and shear stress 
intensity factors can be related together by the mixity, or as it is often called the phase 
angle, 'l'.40-43 The phase angle can be used to relate the modes of failure and is calculated 
by equation 2. 1 .  
'I' = tan- 1 (Kn / K1) (2. 1 )  
If both bars are made up of the same material of uniform thickness, then mode II 
stress is negligible and the phase angle is zero.40•44-46 In this case, the crack grows with 
no preferred directionality or locus and will stay at the interface. This type of crack 
propagation is often termed a pure opening mode or mode I failure with only tensile 
stress present. Kanninen created a model to calculate interfacial fracture energy of a 
double cantilever beam test with purely mode I fracture.57 Kanninen's model assumes 
that a cantilever beam is supported in front of the crack tip by an elastic foundation and 
the fractured part of the sample is free. S.4 l ,57 By measuring the crack length, a, and using 
equation 2.2, the interfacial fracture toughness, Ge , can be found between two bars of the 
. 1 . h . ""' h. k 8 4 1 same matena wit un11orm t 1c ness. · 
16  a4 [ l  + 0.64(h/a)]4 
27 
(2.2) 
In equation 2.2, E is the Young's modulus, h is the bar thickness, and t:,,. is the razor blade 
thickness. 
While the crack propagation of a purely mode I fracture has no preferred 
direction, this is not the case when different materials are being fractured.44-46 Different 
polymers have different elastic moduli and crazing stresses. Thus, the propagating crack 
will have a preferred direction and the shear stress (mode II) can not be ignored. The 
presence of shear stress leads to the formation of crazes and the crack will swerve to the 
softer or more compliant material. 8•40-46•49 Crazing is a type of plastic deformation that 
occurs in glassy materials which typically grow at an angle from the plane of the main 
crack at +45° or + 135° .45 Positive phase angles form forward crazes at an angle of 45° , 
while negative phase angles produce backward crazes at 1 35 °. These crazes can absorb 
energy, which increases the overall energy that is necessary for separation of layers at the 
interface.44-46 Crazing can become a problem as even small crazes can significantly 
contribute to the measured fracture toughness. The direction of the crack and crazing is a 
function of both the shear and tensile intensity factors.44 Therefore, the phase angle will 
influence the direction of crack propagation. 
In order to keep the crack propagating at the interface, an asymmetric geometry is 
required for the double cantilever beam test when two different materials are 
studied.8• 1 1 •2 1 •22 •24•39-6 1 The stiffer material is made thinner, and the introduced asymmetry 
helps keep the crack traveling along the interface. This geometry yields a negative phase 
angle and drives the crack into the stiffer material.4446 The stiffer material is more 
resistant to crazing and helps keep the crack propagating at the interface. The correct 
geometry used during ADCB testing is found by determining the phase angle that 
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corresponds to the lowest measured value of fracture toughness, which is when the craze 
formation is minimized.44 The phase angle is varied until the minimum fracture 
toughness is found for the system studied. Unfortunately, phase angles are not trivial to 
calculate. They are calculated by using some physical approximations along with 
numerical methods such as the boundary element method.44-46 However, based on the 
fact that the phase angle is directly related to the thickness ratio of the beams, an easier 
method is to vary the thickness of the beams. Thus, the method of choice to control the 
crack direction is to vary the sheet thickness ratio. 
ADCB has been used to study the compatibilization in primarily two systems, 
polystyrene/poly(2-vinylpyridine)8• 1 1 •2 1 •22 •24•44•47.4s.ss .s6 and polystyrene/poly(methyl 
methacrylate) blends.45•46•49-54 Therefore, thickness ratios have been varied for PS/PVP 
and PS/PMMA systems. Xiao et al. 44 found a minimum fracture toughness for a PS/PVP 
system reinforced with poly(styrene-b-2-vinylpyridine) diblock copolymer at a thickness 
ratio (hpsfpvp) of 1 .40, which corresponds to a phase angle of -3° . A similar study was 
done by Sikka et al. 45 by reinforcing the PS/PMMA interface with poly(styrene-ran­
methyl methacrylate) random copolymer. In this study a minimum fracture toughness, 
Ge, was found at a thickness ratio (hps/hPMMA) of approximately 1 . 1 5; later a similar value 
of 1.20 was found by Bernard et al. 46 to be the optimal thickness ratio for a PS/PMMA 
system in ADCB experiments. Thickness ratios between 1 . 1 5 to 1.20 correspond to a 
small negative phase angle, somewhere between -3° and -5° . The introduction of 
asymmetry into the fracture mechanics to control the direction of crack propagation is the 
basis for the asymmetric double cantilever beam test. 
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H. R. Brown was the first to use the ADCB test to study the interfacial fracture 
toughness of polymer interfaces reinforced with a copolymer.40.43,52 Initially, Kanninen's 
equation, given in equation 2.2, was used to calculate the fracture toughness from crack 
lengths from the razor blade experiments. But eventually, crack length measurements 
were converted into interfacial fracture energy by making some assumptions and 
applying simple beam theory.8,41 ·42·44 The assumption was made that the majority of the 
energy being released during the fracture process is absorbed in a small area around the 
crack tip during crack propagation. It was also assumed that no energy is stored ahead of 
the crack tip. Using these assumptions and simple beam theory, the critical fracture 
toughness can be found by equation 2.3 .8•4 1  
(2.3) 
The same symbols used in equation 2.2 are used for equation 2.3. This model gives a 
good value for the fracture toughness when weak interfaces are being studied; however, it 
underestimates the value for stronger interfaces. Therefore, Creton and coworkers 
developed a better model.8 This model expands upon Kanninen's model for an 
asymmetric bimaterial interface to give the modified equation that is currently being used 
to calculate fracture toughness values, Gc.8,4 1 ,42,44-56 Creton's equation can be seen in 
equation 2.4. 
where C 1 = 1 + 0.64 h 1 /a and C2 = 1 + 0.64 h2/a 
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(2.4) 
All of the variables that were described in equations 2.2 and 2.3 are the same as those 
used in equation 2.4. 
The interfacial fracture toughness of interfaces reinforced with copolymers of 
varying architectures has been analyzed by ADCB techniques . Strength of interfaces 
reinforced with di block, 8'2 1 '22•44•46•50-54 random,45-5 1 and graft24•50 copolymers have been 
examined for PS/PMMA and PS/PVP systems. Multiblock copolymer compatibilization 
has just recently been studied by ADCB for the PS/PVP system, 1 1 •24 but no studies have 
evaluated multiblock copolymers for the PS/PMMA system. ADCB has also been used 
to determine interf acial fracture toughness dependence on monomer composition for 
random copolymers. By varying monomer composition of poly(styrene-ran-2-
vinylpyridine) random copolymers, Dai et al. 47•48 determined that the maximal fracture 
toughness was found with a random copolymer composed of 50% styrene and 50% 2-
vinylpyridine. Also, a significant dependence of interfacial fracture toughness on 
monomer composition was found for poly(styrene-ran-methyl methacrylate) random 
copolymers by Russell et al.49; however, a different optimal composition was detected. 
Poly(styrene-ran-methyl methacrylate) random copolymer composed of 68% styrene 
yielded maximal interfacial fracture toughness. These composition dependencies were 
related to the symmetry of the distribution of the copolymers between the two 
homopolymer phases, with the strongest interfaces correlating to symmetric broadening 
of the interfaces by the random copolymers. 
In addition, ADCB results have been used to determine the mechanism of failure 
that occurs and the interfacial alignment of some copolymers.8 • 1 1 •2 1 •22•58 Investigation of 
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fracture toughness, Ge, as a function of areal chain density, L, (amount of copolymer at 
the interface) is used to determine which type of failure occurs at a given interfacial 
copolymer content. In a plot of Ge verses L, a change in slope indicates a transition from 
failure by either chain scission or chain pull-out to failure by crazing.8• 1 1 •2 I For example, 
a long (greater than the entanglement molecular weight of the homopolymers) symmetric 
poly(styrene-b-2-vinylpyridine) diblock copolymer transitioned from chain scission to 
crazing at an areal chain density of 0.030 chains/nm2.8· I I  A triblock copolymer, poly(2-
vinylpyridine-b-styrene-b-2-vinylpyridine ), with similar molecular weight had a similar 
transition at an arial chain density of 0.01 5  chains/nm2. l l  Notice the triblock copolymer 
has a transition areal chain density exactly half that found for the diblock copolymer, 
which seems to indicate each triblock copolymer chain has twice as many entanglements 
than each diblock copolymer chain at the interface. The authors concluded this 
phenomenon was due to triblock copolymers forming staple type structures with two 
interface crossings similar to the illustration shown in Figure 1 . 1 , while diblock 
copolymer chains have only one interface crossing. I I 
The asymmetric double cantilever beam test provides a capable measure of 
compatibilization between materials. The ADCB test is easy to accomplish and can be 
repeated several times in order to verify results. In addition, as the razor blade is driven 
into the interface, multiple measurements of crack lengths can be taken. In fact, each 
sample can provide up to 25 measurements of crack length, which improves the accuracy 
of the investigation. There is some difficulty in keeping the crack at the interface and 
special attention should be paid to the test geometry to control the crack direction. 
32 
Furthermore, the ADCB test should be done at the thickness ratio that corresponds to the 
minimum fracture toughness. 
2.3 
Peel Test 
Peel testing is another experimental technique used to determine interf acial 
strength between two materials, and is used mostly when one or both of the materials are 
flexible.39 Specifically, peel testing measures the work required to separate adhered 
layers by peeling them apart. 39•62-64 An i11ustration of the peel test can be seen in Figure 
2.3. This type of analysis provides a very good measurement of the strength of the 
compatibil ized interface by determining the interfacial adhesion between two polymers. 
The interfacial adhesion, Ga, is calculated in equation 2.5 by dividing the force required 
to peel the sample apart by the sample width . 63 
Ga = Force / width (2.5) 
While both peel testing and ADCB testing provide a measure of interf acial 
strength and compatibilization, they are quite different from one another. During ADCB 
experiments, the amount of energy released as the crack propagates is not directly 
measured, instead the crack lengths are measured and then the fracture toughness is 
calculated by equation 2.4. In peel testing, the force or work required to peel the layers 
apart is measured directly.39•62-64 Also, these two tests measure very different things. The 
ADCB test measures the stability of a crack due to the presence of a compatibilizer at the 
interface, while peel testing determines the improvement in interf acial adhesion between 
two polymers. Another difference between the two techniques is the type of failure that 















mechanical modes of failure (mode I, mode II, or mode III, see section 2 .2) present, 
where in rubbery polymers the dissipation mechanisms are dominated by visco-elastic 
responses characterized by a complex modulus. 39 Due to the large visco-elastic 
responses, peel testing is very dependent on the rate of deformation or the peel rate, while 
the ADCB is less sensitive to crack rate. To eliminate this dependence, all samples are 
peeled at exactly the same rate. The failure in glassy polymers occurs in a relatively 
localized area (craze fibrils and active zones), however in rubbery polymers it can occur 
over much larger volumes. 39 
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CHAPTER 3 
Synthesis of Styrene and Methyl Methacrylate Multiblock Copolymers by A TRP 
Chapter 3 describes a method to synthesize multiblock copolymers of styrene and 
methyl methacrylate monomers by atom transfer radical polymerization techniques. 
First, background information is given on this technique. Next, a study detailing the 
polymerization kinetics and structure characterization is given, including the effect of the 
amount of solvent. Parameters such as monomer purification, solvent, ligand, and 
initiator/catalyst system are varied to further optimize the polymerizations. Finally, the 
optimized method is used to prepare many styrene and methyl methacrylate multiblock 
copolymers to be used as compatibilizers for polystyrene and poly(methyl methacrylate ). 
3.1 
Introduction 
The benefits of using multiblock copolymers as compatibilizers are summarized 
in Chapter l ;  unfortunately, it is currently very difficult to reproducibly synthesize 
multiblock copolymers in a cost-effective manner. The most common method to 
synthesize block and multiblock copolymers is by sequential polymerizations of blocks 
through anionic methods. Anionic reactions require very strict reaction conditions 
including the absence of water, oxygen, carbon dioxide, and any other impurity which 
may prematurely terminate the polymerization.65-68 This requirement of a very pure 
environment results in a very high cost for polymers and copolymers produced by _ionic 
methods.66 
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In addition to being expensive, the types of blocky-copolymers synthesized by 
anionic reactions are limited. This is due to the fact that the living ends of one block 
must act as the initiator in the polymerization of the other monomer which constitutes the 
next block(s).66-67 Anionic living ends of some monomers are not strong enough bases to 
initiate the polymerization of the other monomer. For instance, very weak electron­
withdrawing monomers need strong bases to initiate polymerization and the anionic 
living ends of the initiator block are not always basic enough to initiate the 
polymerization of certain monomers. During the anionic preparation of block 
copolymers, the reaction order of monomers must begin with the weakest electron­
withdrawing monomer and proceed to the highest electron-withdrawing monomer.66 For 
example, in the preparation of an A-B-A triblock copolymer with a difunctional initiator, 
the central B block (the lower electron-withdrawing monomer) must be polymerized first 
and then the A monomer (the higher electron-withdrawing monomer) is polymerized 
from the Ii ving B end to form the outer two A blocks. However, in most cases, the 
corresponding B-A-B triblock copolymer cannot be similarly produced by anionic 
methods due to the inability of the living A ends to polymerize the B monomer. The 
success of this sequential method of block copolymer preparation is very sensitive to the 
order in which blocks are reacted, and further addition of blocks onto the triblocks is 
unattainable because further cross-propagation is impossible by ionic synthetic 
methods.65-68 One common example where cross-propagation does not occur in ionic 
methods is for styrene(S) and methyl methacrylate (M) copolymers. M-S-M can be 
produced by anionic methods using a difunctional initiator, but S-M-S cannot. The only 
S-M-S triblock reported in the literature combined site transformation techniques with 
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ionic synthetic methods, which is a very complex synthetic route to prepare styrene and 
methyl methacrylate multiblock copolymers.69 
Atom transfer radical polymerization (ATRP), however, is a synthetic technique 
that may be more useful for producing multiblock copolymers that cannot be prepared by 
conventional (anionic) methods. Propagation in ATRP polymerizations occurs via 
radicals which are less sensitive to the electron-withdrawing structure of the monomer 
than ionic polymerizations.70-77 Thus, ATRP will be useful if styrene and methyl 
methacrylate multiblock copolymers can be reproducibly synthesized regardless of 
monomer sequence. If cross-propagation occurs in ATRP for both styrene and methyl 
methacrylate (styrene ends to methyl methacrylate monomer and methyl methacrylate 
ends to styrene monomer), then a set of conditions where multiblock copolymers can be 
formed by sequentially polymerizing monomer A, then monomer B, then monomer A, 
then monomer B .. .  is anticipated to be found. 
A number of different initiating systems have been used to synthesize polymers 
by ATRP methods. Nitroxide-based initiators73 effectively polymerize styrenic 
monomers by a "living" free radical mechanism, while acrylates are polymerized 
efficiently in a similar manner by organocobalt complexes.74 Also, alkyl halide initiators 
in the presence of copper halides complexed with either 2,2'-bipyridine or a 4,4'­
disubstituted-2,2'-bipyridine ligands catalyze the polymerization of both styrenes and 
acrylates.70-72•78 Halogenated alkanes, benzylic halides, a-haloesters, a-haloketones, a­
halonitriles, and sulfonyl halides are suitable alkyl halides that have been used as 
initiators.78 Of particular interest for this study is Percec and Barboiu's atom transfer 
radical polymerization of both methyl methacrylate and styrene using arenesulfonyl 
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chlorides with a copper halide / 2,2' bi pyridine complex.75-77 Other transition metal 
complexes have also been applied to ATRP polymerizations. Molybdenum, chromium, 
rhenium, ruthenium, iron, rhodium, nickel, and palladium complexed with the 
appropriate ligands (to solubilize the catalyst into the organic media) have all been used 
in ATRP polymerizations.78 The transition metal center in the complex should readily 
undergo an electron transfer reaction, which is necessary for ATRP polymerizations. 
Atom transfer radical polymerizations derive their name from the fact that 
halogen "atoms" are transferred back and forth from the catalyst and the initiator or 
monomer.78•79 For instance, halogen atoms from alkyl halide initiators are transferred to 
a transition metal complex to produce radicals on the initiator capable of propagating by 
addition of the initiator to the vinyl monomer molecules. Figure 3 . 1  depicts this 
initiation mechanism for a difunctional arenesulfonyl chlorides in the presence of a 
copper halide / 2,2' bipyridine complex. The initiator shown (phenoxybenzene-4,4' 
disulfonyl chloride) is obviously a difunctional initiator and both ends will undergo the 
same reaction although reaction at only one end is demonstrated in Figure 3 . 1 .  
Propagation occurs by  a similar method, which is shown in Figure 3.2, until the monomer 
is exhausted or the radical is terminated. Initiation and propagation steps are facilitated 
by the copper chloride / 2,2' bipyridine catalyst. This transition metal complex activates 
the previously dormant initiator and monomer molecules by transferring halides back and 
forth between itself and the growing chain ends.78•79 When the halide is bonded to the 
initiator or growing chain end, the copper (I) complex (CuCl, 2,2' bipyridine) is present 
and the polymer end is not reactive. However, when the copper (II) complex (CuCh, 






Cl-S � S• 
1 1  I I 
0 0 
Figure 3.1 :  Initiation steps of arenesulfonyl chlorides in ATRP polymerizations. 
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Figure 3.2: Propagation steps in A TRP polymerizations. 
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chain is a radical which can propagate the monomer. This hopping of the halide produces 
a system where the polymer chain end is not reactive if it is not growing and results in a 
low concentration of active radicals. This, in tum, limits termination and chain transfer 
reactions, creating a polymer chain that has a fairly narrow molecular weight 
distribution.70-72 This process allows for great control over molecular weight and 
molecular weight distribution. In addition, this reaction mechanism is less sensitive to 
the presence of trace impurities, therefore, less stringent reaction conditions are required 
than for ionic polymerizations.72 
A few multiblocks, mainly triblock copolymers, have been synthesized using 
ATRP techniques. Rather than listing all of the multiblock copolymers prepared by 
A TRP techniques reported in the literature, a compiled list of the multiblocks is provided 
in Table 3.1; the definitions of the abbreviations used in Table 3.1 are shown in Table 
3.2.80-98 A-B-A type triblocks were prepared by the sequential polymerization of each 
block or by polymerizing the central block first with a difunctional initiator and then 
polymerizing the outer blocks from the difunctional central block. In addition, some of 
the multiblocks listed in Table 3.1 were synthesized by combining ATRP methods with 
site transformation techniques.80•8 1-84 However, Matyjaszewski and coworkers 
demonstrated the ability of A TRP to synthesize many multi block copolymers without site 
transformation methods.7 8 •87-93•97-98 
ATRP has been used to synthesize many multiblock copolymers with styrene 
and/or methyl methacrylate monomers,80•82-92,94-98 but few multiblock copolymers have 
been prepared with only these monomers. A styrene/methyl methacrylate diblock 
copolymer was prepared using ATRP by first polymerizing a PMMA macroinitiator and 
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Table 3.1 :  List of multiblock copolymers prepared by ATRP methods. 
Type of 
Multiblock Copolymer Authors 
Multi block 
A-B-A PS-PVDF-PS Zhang, Ying, et al. 
A-B-A PFNEMA-PBA-PFNEMA Zhang, Ying, et al. 
A-B-A PFNEMA-PMA-PFNEMA Zhang, Ying, et al. 
A-B-A PBA-PFNEMA-PBA Zhang, Ying, et al. 
A-B-A PEGMAFO-PBA-PEGMAFO Zhang, Ying, et al. 
A-B-A PEGMAFO-PMA-PEGMAFO Zhang, Ying, et al. 
A-B-A PEGMAFO-PS-PEGMAFO Zhang, Ying, et al. 
A-B-A PS-PEO-PS Cheng, et al. 
A-B-A PS-PPO-PS Wang, et al. 
A-B-A PS-PI-PS J ankova, et al. 
A-B-A PS-PD MS-PS Brown and Price 
A-B-A PS-PSF-PS Gaynor, Matyjaszewski , et al. 
A-B-A PMMA-PBA-PMMA Shipp, Matyjaszewski, et al. 
A-B-A PMMA-PBMA-PMMA Kotani , et al. 
A-B-A PMMA-PnBMA-PMMA Beers, Matyjaszewski , et al. 
A-B-A PS-PnBA-PS Matyjaszewski , et al. 
A-B-A PS-PtBA-PS Davis, Matyjaszewski, et al. 
A-B-A PtBA-PS-PtBA Davis, Matyjaszewski , et al. 
A-B-A PnBA-TMSHEA-PnBA Muhlebach, Matyjaszewski, et al. 
A-B-A TMSHEA-PnBA-TMSHEA Muhlebach, Matyjaszewski, et al. 
A-B-A PnBA-HEA-PnBA Muhlebach, Matyjaszewski, et al. 
A-B-A HEA-PnBA-HEA Muhlebach, Matyjaszewski, et al. 
A-B-A PS-PS(OH)-PS Gao, Chen, et al. 
A-B-A PS(OH)-PS-PS(OH) Gao, Chen, et al. 
A-B-C PtBA-PS-PMA Davis, Matyjaszewski, et al. 
A-B-C PtBA-PMA-PS Ma and Wooley 
A-B-C PMMA-PBA-PS Masar, et al. 
A-B-C PMMA-PS-PBA Masar, et al. 
A-B-C PAA-PMA-PS Ma and Wooley 
A-B-C-D PtBA-PS-PMA-PMMA Matyj aszewski, et al. 
A-B-C-B-A PMA-PtBA-PS-PtBA-PMA Davis and Matyjaszewski 
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Table 3.2: Definitions of abbreviations used in Table 3 . 1 .  
Abbreviation Definition 
PS polystyrene 
PVDF poly(vinylidene fluoride) 
PFNEMA poly( 2-[(perfluorononenyl)oxy]ethyl methacyrlate) 
PEGMAFO poly(ethylene glycol mono-methacrylate mono-perfluorooctanoate) 
PBA poly(butyl acrylate) 
PMA poly(methyl acrylate) 
PEO poly(ethylene oxide) 




PMMA poly(methyl methacrylate) 
PBMA poly(butyl methacrylate) 
PnBMA poly(n-butyl methacrylate) 
PnBA poly(n-butyl acrylate) 
PtBA poly(t-butyl acrylate) 
TMSHEA poly(2-trimethylsilyl-oxyethyl acrylate) 
HEA poly(2-hydoxyethyl acrylate) 
PS(OH) poly( 4-acetox ystyrene) 
PAA poly(acrylic acid) 
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then cross propagation of styrene to give the styrene block.96•99 Thus, cross propagation 
from poly(methyl methacrylate) to styrene monomer has been reported using ATRP 
techniques. Just recently the cross propagation of styrene onto methyl methacrylate was 
used during the sequential polymerization of a M-S-M triblock.96 The styrene end groups 
polymerized the methyl methacrylate monomer ; therefore, cross propagation of styrene 
ends to methyl methacrylate is possible with ATRP. This phenomenon was supported 
by Matyjaszewski who indicated that cross-propagation from styrene to methyl 
methacrylate can occur by using a halogen exchange system, which will be described in 
more detail later.78•87 •97 • 1 00  Therefore, ATRP should be able to synthesize multiblock 
copolymers composed of styrene and methyl m�thacrylate monomers by sequentially 
polymerizing alternating blocks of styrene and methyl methacrylate . 
3.2 
A TRP Method to Synthesize Multiblock 
Copolymers Regardless of Monomer Sequence 
This research project examines the feasibility of using phenoxybenzene-4,4'­
disulfonyl chloride (PDSC), a difunctional arenesulfonyl chloride, as the initiator and a 
copper chloride / 2,2'-bipyridine complex as the catalyst76 in the polymerization of 
styrene and methyl methacrylate monomers to homopolymers, triblock copolymers, and 
pentablock copolymers, with both styrene and methyl methacrylate center blocks. This 
technique will be used to prepare many styrene and methyl methacrylate multiblock 
copolymers to be used later as interfacial modifiers. The requirement that this technique 
works when either styrene or methyl methacrylate are the center blocks can only be met 
45 
if one monomer cross-propagates to another regardless of monomer sequence. To 
optimize the polymerization conditions, the polymerization kinetics of the homopolymers 
and triblocks are studied. Characterization of the copolymers prepared by this method is 
completed to insure that the blocky nature is retained and to determine the structure of the 
multiblock copolymers. The effect of the amount of solvent on the polymerization 
process for the homopolymers and triblock copolymers is also examined. 
3.2.1 
Experimental Section 
Materials. Methyl methacrylate (99%) and p-xylene (99%) were purchased from 
Aldrich and used without further purification. Styrene (99% ), copper (I) chloride (99% ), 
and 2,2 ' -bipyridine (99%) were purchased from Acros and also used as acquired. 
Phenoxybenzene-4,4' disulfonyl chloride (PDSC) was synthesized by the dropwise 
addition of chlorosulfonic acid (Acros, 98%) to di phenyl ether (Aldrich, 99%) by a 
literature procedure.76 The poly(S-alt-M) copolymer was purchased from Polymer 
Source, Inc. 
Size Exclusion Chromatography. SEC analysis was performed at room 
temperature (25 °C) using a Waters 600E system equipped with three Waters Styragel 
columns [HR-1 (100 A), HR-3 (103 A), HR-5E (mixed bed)] or two Polymer 
Laboratories Plgel 5 µm mixed-D columns and a Waters 410 differential refractometer as 
a detector. 250 µL of each sample was injected into the SEC. Samples were 0.2% 
weight percent solution and tetrahydrofuran (THF) was the eluent at a flow rate of 1 .0 
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mllmin. The SEC curves are calibrated using narrow molecular weight distribution 
polystyrene standards. 
Nuclear Magnetic Resonance Spectroscopy. 
1H and 1 3C NMR spectra of the 
homopolymers and copolymers were recorded on a Bruker AC250 MHz NMR 
spectrometer. Solutions were prepared with deuterated chloroform as the lock solvent 
with an internal standard of trimethylsilane. 1H NMR was utilized to determine the 
composition and sequence distribution of the synthesized copolymers. 1 01 13C NMR was 
utilized to provide details of the sequence distribution throughout the copolymer. 1 0 1-106 
Homopolymer Procedures. In a typical polymerization of styrene by bulk 
methods, styrene (17.2 mL, 0.150 mol), PDSC (0.138 g, 3.76 x 10-4 mol), copper(!) 
chloride (74 mg, 7 .52 x 10-3 mol), 2,2' -bi pyridine (.351 g, 2.26 x 10-3 mol), and p-xylene 
(0.7 mL) were added into a three-necked round bottom flask under inert atmosphere in a 
glove box. The contents of the flask were then immediately subjected to freeze-thaw 
techniques to remove trace impurities. The flask was then heated in an oil bath to 125°C 
under a positive argon flow to allow the polymerization to proceed. The molar ratios of 
[PDSC] : [CuCl] : [2,2' -bipyridine (Bipy)] were 1 : 2 : 6. This ratio was found by Percec 
and Balbou to give the highest extent of conversion and fastest reaction.76 Yield : 13.9 g 
(89%). 1H NMR (CDCh): 6 7.3-6.3 (broad Ar H), 2.2-1 . 1  (broad, -CH2-CH(Ar)-). SEC: 
M0 = 27,000, MwfMn = 1.36. 
Similar procedures were completed for the polymerization of styrene by solution 
methods and of MMA by the solution and bulk methods with the specific contents of the 
reaction flask given in Table 3.3. The terms "solution" and "bulk" are used to denote the 





























MMA Styrene CuCl 
(mL) 
[Styrene)o / [l)o 
(mL) (grams) 
400 17.2 0.074 
400 1 1 .5 0.050 
16.0 0.074 
10.7 0.050 
600 5.3 0.017 
600 8.0 0.025 
8.3 0.027 
7.5 0.02.5 
.500 3.0 0.010 
2.5 0.008 
Bipy p-xyle:ne Initiator : PDSC Initiator : PDSC 
(grams) (mL) (# moles) (grams) 
0.351 0.7 0.000376 0. 138 
0.234 1 1 .5 0.000250 0.092 
0.351 0.7 0.000376 0.138 
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solvent ( <10 wt % ), respectively. Additionally, methyl methacrylate was polymerized at 
95 °C. 
Multiblock Copolymer Procedure. The outer blocks of the multi block copolymers 
were polymerized by techniques similar to the homopolymer procedure, except the 
reaction occurred in the presence of the end-capped homopolymer. While specific 
descriptive examples are given below, the amount of each reagent added to the reaction 
flask is given in Table 3.3 for each copolymer synthesized. 
A. Triblock Copolymer Example. In the synthesis of the S-M-S triblock by bulk 
methods, PMMA homopolymer (3 .0 g, 8.53 x 10-5 mol), styrene monomer (5 .9 mL, 
.0512 mol), copper(!) chloride (17 mg, 1.72 x 10-4 mol), 2,2'-bipyridine (80 mg, 5.15 x 
10-4 mol), and p-xylene (0.7 mL) were placed into a three-necked flask under inert 
atmosphere. The system was then subjected to the freeze-thaw process, and 
polymerization was allowed to proceed by heating the system to 125 °C under a positive 
argon pressure. Yield: 7.7 g (92%). 1H NMR (CDCh): 8 7 .3-6.3 (broad Ar H), 2.2 -1.1 
(broad, -CH2-CH-), 3.7-3.5 (-OCH3), 1.1-0.7 (broad, -CH3). SEC: Mn = 51,300, Mw!Mn 
= 1.78. 
B. Pentablock Copolymer Example. For the synthesis of the M-S-M-S-M 
pentablock copolymer, the S-M-S triblock (2.0 g, 3 .89 x 10-5 mol), methyl methacrylate 
monomer (2.5 mL, .0233 mol), copper (I) chloride (7 .7 mg, 7 .78 x 10-5 mol), and 2,2' -
bibyridine (36.5 mg, 2.33 x 10-4 mol) were added into a three-necked round bottom flask 
under inert atmosphere to polymerize the other MMA blocks. Freeze-thaw techniques 
were executed to remove trace impurities, and the flask was heated by an oil bath to 95°C 
under a positive argon flow to polymerize the outer blocks. Yield: 3 .65 g (84% ). 1H 
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NMR (CDCh): 8 7.3-6.3 (broad Ar H), 2.2-1.1 (broad, -CH2-CH-), 3.7-3.5 (-OCH3), 
1 . 1-0.7 (broad, -CH3). SEC: M0 = 76,200, MwlMn = 1.80. 
Precipitating in methanol and drying in a vacuum oven initially isolated all 
homopolymers and multiblock copolymers. The final product was then further purified 
by redissolving in THF or toluene and reprecipitating in methanol multiple times, 
followed by drying in a vacuum oven. 
3.2.2 
Results 
Polymerization Kinetics. To monitor the kinetics of the polymerization, samples 
were periodically removed under positive argon pressure, purified, and evaluated by size 
exclusion chromatography (SEC). The kinetics of the polymerization of the 
homopolymer and triblock copolymers are shown in Figures 3.3 and 3.4, which show the 
number average molecular weight (M0) of the growing species as a function of time for 
polystyrene-centered polymers and poly(methyl methacrylate )-centered polymers, 
respectively. The polystyrene homopolymer synthesized by either bulk or solution 
methods increases substantially in molecular weight (Figure 3.3). The PS synthesized by 
bulk methods has a much greater initial growth rate than the solution polymerization. In 
addition, the bulk-PS achieves its final molecular weight after only 6 hours, whereas the 
solution-PS requires about 33 hours to approach a similar molecular weight. Both PS 
homopolymers approach the target molecular weight of 40,000, but fall slightly short. 
Failing to fully achieve the target molecular weight is in part due to the periodic removal 
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Figure 3.3: Time evolution of the molecular weight of the polystyrene homopolymers 
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Figure 3.4: Time evolution of the molecular weight of the poly(methyl methacrylate) 
homopolymers and MMA-centered multiblock copolymers. 
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conversions for PS homopolymers without the periodic removal of samples usually fall in 
the range of 80 - 95%. 
Data showing the kinetics of the growth of the PMMA homopolymer is only 
available for the solution polymerization of MMA. However, bulk polymerization 
produced PMMA on the same time scale as solution techniques. Figure 3.4 shows that 
both the bulk and solution methods produce PMMA that approaches the target molecular 
weight of 40,000 within 8 hours. Therefore, the slower growth of the solution 
polymerization observed during the PS synthesis is apparently not duplicated for the 
PMMA. A comparison between the kinetics of the PS and PMMA solution 
polymerizations illustrates that the growth of styrene is much slower than that of methyl 
methacrylate under these conditions, as the PMMA is polymerized to the target molecular 
weight in 8 hours, whereas the PS requires 33 hours to reach the same size. 
Table 3.4 provides the polydispersities and molecular weight data of the final 
products for all synthesized homopolymers and copolymers in this study. The advantage 
of the solution technique is that it produces a polymer with a lower polydispersity. The 
solution-PS has a polydispersity of 1.25 whereas the bulk technique yields a 1.36 
polydispersity. The solution polymerization of PMMA (PDI = 1 .08) also results in a 
lower polydispersity than the bulk method (PDI = 1 .26). Other bulk-polymerizations of 
PMMA completed, however, indicate that PMMA can also be synthesized by bulk 
methods resulting in low polydispersities. More specifically, samples with approximate 
molecular weight of 30,000 and 50,000 have been created with polydispersities of 1. 10 
(Mw = 32,000, Mn = 29,000 and Mw = 54,000, Mn == 49,000, respectively). 
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Table 3.4: Molecular weight characterization of homopolymers and copolymers. 
POLYMERS Mw Mn Polydispersity 
PS-bulk 36,700 27,000 1 .36 
PS-solution 40,000 32,000 1 .25 
PMMA-bulk 35,200 28,000 1 .26 
PMMA-solution 38,000 35,200 1 .08 
M-S-M triblock-bulk 102,600 51,600 1 .99 
M-S-M triblock-bulk 
137,400 86,900 1 .58 (after Soxhlet extraction) 
M-S-M triblock-solution 49,200 36,200 1 .36 
S-M-S triblock-bulk 91 ,500 51 ,300 1 .78 
S-M-S triblock-solution 52,700 38,500 1 .37 
S-M-S-M-S pentablock-bulk 133,800 66,500 2.01 
S-M-S-M-S pentablock-bulk 
221,500 136,700 1 .62 (after Soxhlet extraction) 
M-S-M-S-M pentablock-bulk 1 37,200 76,200 1 .80 
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Both bulk and solution methods were then attempted to produce triblock 
copolymers . The homopolymers obtained from the solution methods were used as the 
starting materials in all triblock reactions, as they have narrower molecular weight 
distributions. Figures 3 .3  and 3.4 show that there is an increase in the molecular weight 
of both triblock copolymers (S-M-S and M-S-M) as a function of time, indicating that 
either monomer can cross-propagate onto the other. However, there exists considerable 
differences between the solution and bulk syntheses of the styrene-centered and MMA­
centered triblock copolymers. Both copolymers synthesized using the bulk method 
exhibit a substantial increase in molecular weight. However, the solution technique fails 
to give higher molecular weights for either triblock copolymer in the time scales 
examined in this study. Comparison of the kinetics of the bulk polymerization of the 
outer blocks in the S-M-S to the kinetics of M-S-M demonstrates that the addition of 
styrene to methyl methacrylate is slower than the addition of methyl methacrylate to 
styrene. This is consistent with the PS homopolymers requiring much longer reaction 
times than the PMMA polymers. 
Figures 3 .5 and 3 .6 show the evolution of the polydispersity index for the styrene­
centered triblocks and the methyl methacrylate centered triblocks, respectively. The 
polydispersity of the PS homopolymers develops as expected for ATRP polymerizations, 
steadily decreasing with conversion to a limiting value. However, the polydispersity of 
the triblocks is quite different. Both bulk polymerizations show an increase in the 
polydispersity with conversion, while the solution polymerizations do not show much 
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time. 
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the solution process is not very useful, however, as there is very little chain growth, and 
the propagation is therefore not efficient. 
Possible reasons for the increase in the polydispersity of the triblock copolymers 
include slow and/or incomplete initiation of the monomer by the macroinitiator, the 
presence of chain transfer reactions, and heterogeneity in the reaction mixture. Figure 3.7 
provides some insight, showing the SEC curves for the synthesized polystyrene 
homopolymer and the polystyrene-centered multiblock copolymers. The bulk triblock 
(M-S-M) SEC curve is bimodal, and the position of the higher elution time peak is at the 
same position as the peak for the homopolymer starting material, suggesting that a 
primary reason for the increase in the polydispersity of the M-S-M triblock with 
conversion is unreacted homopolymer. Matyjaszewski 's group reported similar 
difficulties attempting to synthesize block copolymers of PMMA from a chloride end­
capped polyacrylate macroinitiator via ATRP techniques.87'97 They attributed the slow or 
incomplete initiation of the PMMA by the polyacrylate to the ineffectiveness of 
secondary halides at initiating methyl methacrylate.87• 100 The macroinitiator, chloride­
capped styrene, used to prepare the M-S-M triblocks is a secondary halide, and therefore 
initiation of MMA may be slow compared to propagation, resulting in residual unreacted 
homopolymer. Matyjaszewski overcame this obstacle by utilizing a halide exchange 
system, which uses a Br-initiator and CuBr catalyst to form the macroinitiator followed 
by block extension with CuCl as the catalyst.78 •87 •97• 100 The use of a halide exchange 
system in the preparation of M-S-M triblock to lower the polydispersity will be discussed 
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Figure 3.7: SEC curves of the polystyrene homopolymer, unpurified M-S-M triblock 
copolymer (73 mol % styrene), the M-S-M triblock after Soxhlet 
extraction (23 mol % styrene), and S-M-S-M-S pentablock copolymer (7 1 
mol % styrene). 
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The presence of unreacted polystyrene was verified by Soxhlet extraction of the 
bulk-synthesized M-S-M triblock using cyclohexane as a solvent to selectively remove 
the polystyrene homopolymer. The extraction recovered approximately 70% of the 
material, indicating that the dead chains are the minor component of the product. The 
SEC curve of the extracted M-S-M triblock is also shown in Figure 3.7 and exhibits one 
peak at a higher molecular weight than the starting homopolymer. The purified M-S-M 
triblock has an M0 of 86,900 and a polydispersity of 1 .58 .  Comparison of this copolymer 
to the homopolymer and the unpurified M-S-M illustrates that the addition of the methyl 
methacrylate to the styrene end, while not perfect, is efficient enough to produce at least 
70% conversion of the macroinitiator. Additionally, the low molecular weight tail of the 
SEC curves in Figure 3.7 shows that there are few M-S-M copolymer chains in the 
purified sample with the same molecular weight as the pure homopolymer. 
The importance of the unreacted polystyrene on the kinetics of the polymerization 
of the M-S-M triblock is also shown in Figures 3 .3 and 3.5 .  Figure 3 .3 demonstrates that, 
for the chains that are growing, there is significant chain growth within the first few 
hours and that the chains more than double in size. Figure 3 .5 illustrates that there is only 
a moderate increase in the polydispersity of triblocks from the starting ·homopolymers. 
Figure 3.8 shows the SEC curves of the poly(methyl methacrylate) and the 
poly(methyl methacrylate)-centered copolymers. The bulk triblock (S-M-S) does not 
exhibit a shoulder or bimodal distribution as was observed in the M-S-M triblock. This 
suggests that unreacted PMMA homopolymer is not present in this sample. To verify 
this, the S-M-S triblock was Soxhlet extracted with glacial acetic acid, which selectively 
dissolves PMMA. There was no apparent change in molecular weight or polydispersity 
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Figure 3.8: SEC curves of the poly(methyl methacrylate) homopolymer, unpurified 
S-M-S triblock copolymer (43 mol % MMA), the S-M-S triblock after 
Soxhlet extraction (43 mol % MMA), and M-S-M-S-M pentablock 
copolymer (56 mol % MMA). 
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after extraction, and thus, the PMMA macroinitiator efficiently initiates the styrene 
monomer. 
Another possible source for the increase in the polydispersity of the triblock 
copolymers may occur during removal of the SEC samples during polymerization. 
During sample abstraction, the reaction vessel was opened to the atmosphere. Samples 
were removed under positive argon pressure to minimize oxygen contamination, yet 
oxygen may still enter. The presence of oxygen can lead to chain transfer or termination 
reactions (dead chains), which will increase the polydispersity of the triblocks. The S-M­
S bulk triblock which had nine SEC samples removed had a final polydispersity of 1 .78, 
compared to the M-S-M Soxhlet extracted triblock in which only four samples were 
taken and had a final polydispersity of 1.58. Triblock copolymers (both S-M-S and M-S­
M) synthesized without sampling demonstrated lower polydispersities ranging from 1.4 -
1.5. For example, a S-M-S triblock synthesized without sampling had a final Mw equal to 
1 1 5 ,000 and Mn equal to 77 ,000 (PDI = 1 .5), and a M-S-M triblock after Soxhlet 
extraction had a Mw equal to 153 ,000 and Mn equal to 109,000 (PDI = 1 .4). 
While kinetic sampling contributes to the increase in polydispersity, it is certainly 
not the only important effect. In any radical chain polymerization, there is a finite 
probability that two radicals will come together and terminate the chain reaction by 
combination or disproportionation. While the A TRP mechanism minimizes the 
encounters between growing radicals by keeping their concentration low, combination 
and disproportionation will not be entirely eliminated. Thus, there must exist some 
chains in the reaction mixture that are not active to further chain growth. This 
termination of chains, in tum, increases the polydispersity of the final product. 
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Finally, to illustrate that the triblocks can be extended further, both styrene­
centered and methyl methacrylate-centered pentablock copolymers were also prepared. 
Both pentablocks were synthesized by further addition of the opposite monomer to the 
corresponding triblock. Given that only the bulk methods exhibited sufficient growth of 
the outer blocks in the synthesis of the triblock copolymers, only bulk polymerization 
techniques were used to prepare pentablock copolymers. The triblock copolymers used 
as starting material for the pentablocks were used without Soxhlet extraction, and the 
styrene-centered pentablock (S-M-S-M-S) therefore still had unreacted PS homopolymer 
present. Kinetic data was not obtained for the synthesis of the pentablock copolymers. 
The final molecular weights of the pentablock copolymers are shown as the last points in 
Figures 3.3 and 3.4 and are greater than the molecular weight of the triblock copolymers, 
indicating that the formation of a pentablock copolymer was successful. 
To determine the effect of the presence of the unreacted PS chains on the 
pentablock growth, residual homopolymer PS was removed by Soxhlet extraction with 
cyclohexane from the S-M-S-M-S pentablock. The extracted S-M-S-M-S pentablock 
produced a polymer with M0 = 136,000 and a polydispersity of 1.62. Although the 
polydispersities of the unpurified triblock and pentablock copolymers were similar, the 
molecular weight of the pentablock was much higher after Soxhlet extraction, indicating 
that the styrene monomer adds to both the triblock and the unreacted homopolymer at 
similar rates. 
Table 3.4 shows that the polydispersities of the pentablock copolymers are similar 
to those of the corresponding starting triblock (1 .78 for S-M-S vs. 1 .80 for M-S-M-S-M 
and 1.99 for M-S-M vs. 2.01 for S-M-S-M-S). One explanation for this would be that the 
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limited miscibility of the homopolymer and the second monomer affects the cross­
propagation reaction in the triblock synthesis. The triblock will be more miscible with 
the second monomer than the homopolymer, and thus this factor is eliminated in the 
creation of pentablock copolymer. For example, the presence of the PMMA central 
block in a S-M-S triblock increases the miscibility of that triblock with the methyl 
methacrylate monomer during the synthesis of a M-S-M-S-M pentablock. 
Therefore, the results from the kinetics analysis of the synthesis of the triblock 
and pentablock copolymers demonstrate that ATRP techniques can be successfully 
utilized to synthesize multiblock copolymers of styrene and methyl methacrylate, though 
care must be taken to remove unreacted starting material on each successive step. 
Structure: Copolymer Composition. The composition of the multiblock 
copolymers was determined by 1H NMR spectroscopy 10 1  for both the unpurified and 
Soxhlet extracted samples. The 1H NMR spectra of the unpurified M-S-M and S-M-S 
triblock for both bulk and solution polymerizations are given in Figure 3.9. Analysis of 
these spectra 102-1 05 show that the bulk polymerized triblocks include substantial amounts 
of both monomers. However, the spectra also reveal that the solution polymerizations 
failed to efficiently cross propagate the other monomer, in agreement with the SEC data. 
Quantitative composition analysis of the 1H NMR spectra for the unpurified pentablock 
copolymers (Figure 3.10) also agree with the results obtained by SEC. For example, the 
percent of methyl methacrylate in the M-S-M-S-M copolymer increases to 56% from 
43% in the S-M-S triblock. This corroborates the data from the SEC analysis, which 
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76,200 g/mole for the pentablock. Similar results are found for the S-M-S-M-S 
pentablock copolymer. 
The 1H NMR data for the Soxhlet-extracted styrene centered copolymers, shown 
in Figure 3. 1 1 , confirms that the percent styrene present decreases after Soxhlet 
extraction of the M-S-M triblock and the S-M-S-M-S pentablock copolymers. The 
Soxhlet extracted bulk M-S-M triblock contains 23% styrene, while the unpurified 
triblock is 45%. Similarly, the purified pentablock is 64% styrene, compared to the 
unpurified pentablock, which contains 7 1  % styrene. 
Structure: Copolymer Sequence Distribution. NMR spectroscopy is also used to 
determine the sequence distribution of the copolymers to ensure that there exists no chain 
transfer or other scrambling reactions to randomize the monomer sequence distribution. 
The order of monomers throughout the copolymer structure is determined by the presence 
of peaks in the NMR spectra that correspond to distinct monomer triad arrangements. 1 06 
For example, the presence of MMM, MMS, and SMS triads can be examined through the 
methoxy (OCH3) protons in a 
1H NMR spectra, as described in the by San Roman et 
al. 105 and A. M. Aerdts, et al. 104 These literature values can be compared to experimental 
results as shown in Figure 3. 12, which shows the 1H NMR spectra of a PMMA 
homopolymer, a styrene/methyl methacrylate alternating copolymer, and two random 
copolymers of styrene and MMA with different compositions. The poly(S-alt-M) 
copolymer was purchased from Polymer Source, Inc. and the NMR spectra given in 
Figure 3. 12 matches spectra found in the literature. 1 02• 103 Alternating copolymers have 
only SMS triads present and therefore the three main peaks at 3 .4 ppm, 2.9 ppm, and 2.4 
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poly(styrene031-ran-methyl methacrylate0.63) for triad assignments. 
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ppm found in its NMR spectra are assigned to this triad.102 The PMMA homopolymer, 
obviously, only possesses MMM triads, and therefore the very sharp peak at 3.6 ppm can 
be assigned to this triad.102· 104• 1 05 The location of these triads (SMS and MMM) are 
identified on both spectra of the two random copolymers. A peak located at 3.4 ppm is 
found in both random copolymers, but is absent from the alternating copolymer and 
homopolymer and thus is due to the MMS triad. 
The comparison of the two random copolymers with different compositions can 
be used to validate these peaks to triads assignments. The reactivity ratios of styrene 
(0.52) and methyl methacrylate (0.46) predicts that the random copolymer that is formed 
will have an alternating tendency when equal compositions are present (poly(S050-ran­
M0.50).1 3  The spectra associated with the 50:50 random copolymer illustrates this, as only 
MMS and SMS triads are present with no MMM triad peak present. However, when the 
ratio of methyl methacrylate in the copolymer is increased to 63%, many more methyl 
methacrylate monomers are present in the copolymer. The result is a decrease in the 
number of the SMS triads and an increase in the amount of MMM triads. This is borne 
out in the spectra which shows the appearance of a small peak at 3.6 ppm due to the 
MMM triad and a decrease in the SMS triad peaks, particularly at 2.4 ppm. 
The proton NMR spectra of the unpurified triblock and pentablock copolymers (Figure 
3.9 and 3.10, respectively) both exhibit a sharp peak at 3.6 ppm, which corresponds to the 
methoxy proton in an MMM triad. 1 02· 104• 105 The proton NMR spectra for the purified 
(Soxhlet extracted) styrene centered triblock and pentablock copolymers (Figure 3.11) 
also display this sharp methoxy proton peak at 3.6 ppm. Therefore, the methyl 
methacrylate monomers are in long consecutive runs of methyl methacrylate in the 
70 
synthesized copolymers. 13C NMR spectroscopy can also be used to determine the 
structure of methyl methacrylate centered triads by examination of the carbonyl 
resonance at 175 - 179 ppm. 102• 103 The results from this analysis for the copolymers 
examined here agree with those presented from the 1H NMR investigation. 
Examination of the styrene-centered triads by 13C NMR also confirms the lack of 
randomization. The presence of each styrene centered triad is determined by analysis of 
the C1 region of styrene ( 142 - 148 ppm) in the 13C NMR spectra. 1 02• 103 As was 
completed for the methyl methacrylate centered triads, analysis of the peaks present for 
an alternating copolymer, random copolymer, and homopolymer provide important 
information regarding the correlation of the 13C NMR peaks to the presence of the 
triads.28 The final correlations of triads to 13C peaks are shown in Figure 3 . 13 .  The SSS 
triad is found utilizing the spectra of the polystyrene homopolymer, with three main 
peaks present at approximately 145 .4 ppm, 145.8 ppm, and 146.2 ppm due to different 
tacticities. The alternating copolymer shows four peaks present at 142.6 ppm, 144.2 
ppm, 144.7 ppm, and 146.7 ppm and thus these are assigned to the MSM triads. Peaks 
correlating to the existence of MSM and SSS triads can then be assigned to the spectra of 
the 50:50 random copolymer. Examination of the 50:50 random copolymer allows the 
correlation of the two remaining unassigned peaks at 143.3 and 143 .8  ppm to the SSM 
triads. Using this correlation between 13C peaks and triad presence, the 13C NMR spectra 
of the unpurified bulk polymerized triblock copolymers reveal the presence of primarily 
SSS triads in the triblock copolymers. Similarly, the spectra for the purified triblocks 
given in Figure 3 . 14 also indicate primarily the SSS triad. This confirms the results of 
the analysis of the methyl methacrylate centered triads indicating no randomization 
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Figure 3.13: 1 3C NMR of various copolymers and polystyrene in the C 1 carbon region 
from styrene providing analysis of styrene centered triads. 
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Figure 3.14: 13C NMR curves of Soxhlet-extracted triblocks. These curves verify the 
prevalence of SSS triads in the synthesized triblock copolymers. 
Copolymer compositions are denoted in the figure. 
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of the copolymers as prepared by ATRP methods. Examination of the methyl 
methacrylate centered pentablock reveals similar spectra, verifying that further chain 
growth retains the blocky nature of the copolymer. 
It can be argued that a blend of two homopolymers would also provide the 
behavior described in the NMR results presented above. To investigate this possibility, 
thin films of the copolymers were made by melt pressing and found to be transparent. As 
a blend of PS and PMMA would be immiscible and thus opaque, this result further 
supports the conclusion that this synthetic procedure results in blocky copolymer. 
3.2.3 
Discussion 
The goal of this project was to find a method by which multi block copolymers of 
styrene and methyl methacrylate can be synthesized. It must be emphasized here that 
narrow molecular weight, well-defined triblock and pentablock copolymers that can 
microphase separate were not the goal of this project. While this would be a valuable 
result, the ATRP techniques that were used were not sufficiently selective to be useful in 
this endeavor. More broadly, a synthetic routine whereby copolymers of styrene and 
methyl methacrylate that are very blocky in nature can be created is developed. 1 07 The 
results presented above indicate that this project has been successful: SEC results 
demonstrate that chain growth does occur regardless of cross-propagation direction, 
while optical and NMR results show ·that the resultant copolymers are very blocky in 
nature. 107 
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The procedure is not perfect, however. Purification and SEC results show that for 
some of the copolymer growth reactions, there exists a significant amount of dead chains 
that do not grow, as would be expected with most A TRP reactions .  These dead chains 
contribute to an increase in the polydispersity of the resultant copolymer. However, it 
was also shown that Soxhlet extraction is very efficient at removing most of these chains. 
The final purified copolymer exhibits the characteristics of the desired multi block 
copolymer, with molecular weight polydispersity indices around 1 .5 .  Fortunately, for the 
application that is of most interest to us, interf acial modification, this lack of 




Section 3 .2 presents a technique by which multiblock copolymers of styrene and 
methyl methacrylate can be synthesized using atom transfer radical polymerization 
methods. 1 07 The synthesis of triblock copolymers of poly(styrene-b-methyl methacrylate­
b-styrene) (S-M-S) and poly(methyl methacrylate-b-styrene-b-methyl methacrylate) (M­
S-M) were shown to be successful. In addition, these triblock copolymers were extended 
further to produce poly(methyl methacrylate-b-styrene-b-methyl methacrylate-b-styrene­
b-methyl methacrylate) (M-S-M-S-M) and poly(styrene-b-methyl methacrylate-b­
styrene-methyl methacrylate-b-styrene) (S-M-S-M-S) pentablock copolymers. This 
technique is one of the first reported efforts where styrene and methyl methacrylate will 
cross-propagate in block copolymer synthesis regardless of monomer sequence. Thus, 
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this method provides a mechanism by which the sequence distribution of styrene and 
methyl methacrylate copolymers can be carefully regulated by controlling the number 
and length of each block. 
Specifically, the ATRP technique described is successful in preparing multiblock 
copolymers with these two monomers by bulk polymerization techniques. However, 
there is an increase in the polydispersity of the sample during the synthesis of the 
triblock. However, Soxhlet extraction of the multiblock copolymer is successful at 
removing unreacted homopolymer and decreasing the polydispersity. 
3.3 
Optimization of A TRP Technique 
While the study presented in Section 3.2 was successful in demonstrating that 
styrene and methyl methacrylate multiblock copolymers could be prepared regardless of 
monomer sequence and copolymers of a blocky nature were produced, a certain lack of 
control of block lengths to obtain target molecular weights was demonstrated in the 
multiblocks synthesized. In order to produce multiblock copolymers with regular blocks 
of a specified length to be used as compatibilizers, greater control of ATRP techniques is 
necessary. Therefore, a number of different factors were varied to improve 
polydispersity and obtain target molecular weights. Some of these factors include 




Purification of Monomers 
The purchased monomers used in the ATRP polymerizations completed in 
Section 3.2 were used without further purification. Unfortunately, these monomers were 
purchased containing inhibitors. For example, the styrene used was shipped with 1 0- 15  
ppm of the inhibitor t-butyl catechol present, and methyl methacrylate monomer was 
used with 10 ppm of the inhibitor MEHQ present. The purpose of these inhibitors was to 
keep the monomers from polymerizing during shipping. However, this just proves the 
resiliency of the ATRP method. Inhibitors were present in the monomer, yet polymers 
with fairly narrow molecular weight ( 1 . 1 - 1.5) were achieved using ATRP techniques. 
The presence of the inhibitors most likely led to the premature deactivation of some 
polymer chains leading to increased polydispersities. Therefore, for all subsequent 
polymerizations, the inhibitors were removed from the monomers. Rather than remove 
the inhibitors by extraction or distillation of monomers, inhibitor removal columns 
purified the monomers. Styrene was passed through a DHR-4 column to remove t-butyl 
catechol and the methyl methacrylate was passed through a DTR-7 column to remove 




Another factor that can be changed to optimize the ATRP method is to alter the 
solvent system. The solvent used in the ATRP polymerizations in Section 3.2 was p-
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xylene. P-xylene is prone to chain transfer reactions, which can lead to premature 
termination and increased polydispersity. Again, the success of the reaction with p­
xylene as a solvent just proves the resiliency of ATRP. With a strong chain transfer 
agent present, ATRP was able to polymerize poly(methyl methacrylate) and polystyrene 
homopolymers with polydispersities of 1 .08 and 1 .25 , respectively. 1 07 These 
homopolymers were prepared by the "solution" polymerization (ca. 50 wt % p-xylene) 
method described in Section 3 .2. It would be better to use a solvent that is not prone to 
chain transfer such as benzene, diphenyl ether, dimethoxy benzene, or use no solvent 
whatsoever.10_8 In order to determine if the same polydispersity could be obtained with no 
solvent, a bulk polymerization of styrene was carried out without any solvent present. 
The same "bulk" method used in Section 3.2 was used to polymerize a polystyrene 
homopolymer with a target molecular weight of 40,000 with exception that no solvent 
was present. The resulting polystyrene had a Mw equal to 41 ,700 and a Mn equal to 
35 ,300, which corresponds to a PDI of 1 . 1 8. Since low polydispersity was retained and 
target molecular weight was obtained, "bulk" polymerizations will be done without p­
xylene present. 
While some multiblock polymerizations can be done without solvent, some may 
require solvent to be present. In the "bulk" polymerizations of multiblocks in Section 
3 .2, the monomer was used to dissolve the homopolymer macroinitiator. Unfortunately, 
in some cases there may not be enough monomer present to fully dissolve the 
homopolymers, necessitating the use a solvent during the synthesis of multi block 
copolymers. Matyjaszewski et al. 1 08 successfully polymerized PMMA by ATRP 
methods in a 50% solution of diphenyl ether (DPE); suggesting that, DPE may be a 
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suitable solvent for styrene and methyl methacrylate multiblocks. While the 
polymerization of PMMA in DPE has been reported, the ATRP polymerization of 
polystyrene in this solvent has not. To determine if styrene blocks can be polymerized in 
the presence of DPE, polystyrene with a target molecular weight of 40,000 was 
polymerized by the same "solution" polymerization method of polystyrene in Section 3.2 
except DPE was used as the solvent (50 wt% DPE). In addition, the "solution" 
polymerization with p-xylene of polystyrene from Section 3.2 was repeated in order to 
determine the polydispersity and molecular weight without periodic sample removal. 
The polystyrene in DPE produced a polymer with Mw equal to 41,300, Mn equal to 
35,000, and PDI equal to 1.18, and the polystyrene polymerized in p-xylene produced a 
polymer with Mw equal to 40,600, Mn equal to 32,700, and PDI equal to 1.24. The 
polystyrene synthesized in DPE has a lower polydispersity than that of the p-xylene 
solution polymerization. Consequently, whenever a solvent is needed for the ATRP 
polymerization of multiblock copolymers composed of styrene and methyl methacrylate, 
diphenyl ether will be used as the solvent. 
3.3.3 
Heterogeneous verses Homogeneous: Type of Ligand 
The ligand, which solubilizes the transition metal complex, can have a profound 
effect on the polymerization conditions. The 2,2'-bipyridine ligand only partially 
solubilizes Cu(l)/Cu(II) chloride; thus when this ligand is used the polymerization is 
termed a heterogeneous ATRP.7 1 • 1 09  Surprisingly, the fact that this catalyst is only 
partially solubilized does not hinder its ability to produce polymers with low 
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polydispersities as evidenced by Section 3.2. 1 07 However, the polymerization is less 
controlled in a heterogeneous environment, and homogeneous polymerizations may give 
better control of the ATRP polymerizations by having a greater concentration of 
deactivators present near the monomers. Homogeneous ATRP polymerizations are 
achieved by choosing a ligand that completely solubilizes the Cu(I)/Cu(II) chloride. 4,4'­
disubstituted-2,2'-bipyridines have demonstrated the ability to accomplish this ; 
specifically, 4,4'-dinonyl-2,2'-bipyridine (9bipy) was used in the homogeneous 
polymerization of polystyrene by Percec and Barboiu.7 1 • 1 09  
4,4'-dinonyl-2,2'-bipyridine was synthesized by the dilithiation of 4,4'-dimethyl-
2,2'-bipyridine 1 1 0 followed by the cross-coupling with n-octyl bromide 1 1 1  by a procedure 
given in the literature. 109 The 4,4'-dinonyl-2,2 '-bipyridine was characterized by NMR, 
DSC, and elemental analysis. Upon synthesis and characterization of the new ligand, it 
was used in the polymerization of both polystyrene and poly(methyl methacrylate) with 
target molecular weights of 30,000. The following monomer to PDSC to CuCl to 9bipy 
molar ratios were used for these polymerizations: 300 : 1 : 2 : 4.4. The ratio of 9bipy 
used is slightly lower than the 2,2'-bipyridine ratio of 6 used in Section 3.2 as this ratio 
(4.4) was found to be the optimum ratio during the homogeneous polymerizations of 
polystyrene with 9bipy.7 1 • 1 09 
The appropriate contents [PS: styrene (11.7 mL), PDSC (0.138 g), CuCl (0.074 
g), 9bipy (0.676 g) and PMMA: methyl methacrylate (11.3 mL), PDSC (0.138 g), 
CuCl(O.O74 g), 9bipy (0.676 g)] were added to the flask and the polymerizations were 
carried in the same manner as detailed in Section 3.2. The polystyrene synthesized using 
the 4,4'-dinonyl-2,2'-bipyridine ligand has Mw equal to 19,100, M0 equal to 14,500, and 
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PDI equal to 1 .3 1 .  Thus, the complex with this lig�nd was ineffective at obtaining the 
target molecular weight and the polydispersity was higher than for other polymerizations 
of polystyrene. The poly(methyl methacrylate) polymerized with the 4,4'-dinonyl-2,2'­
bipyridine ligand present yielded molecular weights (Mw = 28,900, Mn = 19,300) closer 
to the target molecular weight (30,000), but the polydispersity was higher than previous 
PMMA polymerizations (PDI = 1 .50) and the SEC curve seen in Figure 3 . 1 5  reveals 
bimodal behavior. Therefore, the homogeneous polymerizations of styrene and methyl 
methacrylate were unsuccessful with the 4,4'-dinonyl-2,2 '-bipyridine ligand. One 
possible explanation is that the CuCl/ 4,4'-dinonyl-2,2'-bipyridine complex does not 
effectively catalyze the initiator (phenoxybenzene-4,4' disulfonyl chloride) used for these 
polymerizations. Nonetheless, since the homogeneous techniques were unsuccessful, the 




During the polymerization of M-S-M triblock copolymers in Section 3 .2, there 
were difficulties cross-propagating the methyl methacrylate monomer from the 
polystyrene macroinitiator. 107 As mentioned previously, methyl methacrylate reportedly 
has slow or incomplete initiation by secondary halides resulting in residual polystyrene 
macroinitiator and higher target molecular weights. 87 The remaining polystyrene can be 
removed by Soxhlet extraction and the monomer ratios can be adjusted to account for 
incomplete initiation by the polystyrene; however, Matyjaszewski and coworkers 
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Figure 3.15 : SEC trace of the 30,000 molecular weight PMMA polymerized with the 
4,4'-dinonyl-2,2'-bipyridine ligand. 
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overcame this obstacle by utilizing a halide exchange system for polymerization of 
PMMA blocks from polyacrylate macroinitiator. 87 The halide exchange system involves 
using a bromo-initiator and copper bromide catalyst to form the bromo-capped secondary 
halide macroinitiator, followed by methyl methacrylate block extension with the copper 
chloride catalyst.78•87 •97• 1 00• 1 1 2 The use of the CuCl with the resulting bromo-capped 
macroinitiator increases the rate of initiation relative to the rate of propagation by 
exchanging halogen atoms.78•87' 1 1 2 
To determine if the synthesis of M-S-M triblock copolymers can be done without 
Soxhlet extraction purification, this halide exchange system described by Matyjaszewski 
was tested for our systems. Dibromo-capped polystyrene was initiated by a,a' p­
dibromoxylene in the presence of copper bromide/2,2' -bipyridine complex . The resulting 
Br-polystyrene-Br was used to initiate the outer blocks of methyl methacrylate with the 
copper chloride / 2,2' -bipyridine catalyst. Polystyrene homopolymers with target 
molecular weights of 17,000 were polymerized by this halide exchange method (Br) as 
well as with the same halogen system (Cl) used previously. The same "bulk" techniques 
detailed in Section 3.2 to polymerize polystyrene homopolymers were used with the 
appropriate amounts given in Table 3 .5 .  After both polystyrene homopolymers were 
obtained, molecular weight data was determined by SEC. Their molecular weight data is 
given in Table 3 .6 and their SEC curves are included in Figure 3 . 16. As can be seen in 
Table 3 .6, both the bromine terminated polystyrene (PS Br (17k)) and chlorine terminated 
polystyrene (PS Cl ( 17k)) achieved the target molecular weight. The PS Br had a slightly 
lower polydispersity ( 1 . 1 6) than the PS Cl (PDI = 1 .26), which can be attributed to the 
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Table 3.6: Molecular weight characterization of polymers produced for the halide 
exchange system. 
POLYMERS Mw Mn Polydispersity 
PS Br (17k) 19,200 16,600 1. 16 
M-S-M Br 71,000 34,700 2.05 
M-S-M Br 87,200 62,300 1 .40 (Soxhlet Extracted) 
PS Cl (17k) 20,700 16,400 1 .26 
M-S-M CI 79,500 36,300 2. 19 
M-S-M CI 91,000 64,000 1.42 (Soxhlet Extracted) 
PS Br (21k) 23,600 20,700 1 . 14 
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Figure 3_.16: SEC curves of the polystyrene homopolymer, unpurified M-S-M triblock 
copolymer, and the M-S-M triblock after Soxhlet extraction for the 
(a) halide exchange system/Br and the (b) same halide system/Cl. 
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M-S-M triblocks were polymerized with the amounts given in Table 3.5 by the 
triblock "bulk" polymerization described in Section 3 .2. Again, molecular weight of the 
M-S-M triblocks were determined by SEC and these values are also given in Table 3 .6. 
The M-S-M Cl triblock reveals high polydispersity (2 . 19) and the SEC curve shown in 
Figure 3. 16b reveals bimodal character. PS Cl is expected to incompletely initiate the 
methyl methacrylate giving high polydispersities and bimodal SEC curves, it is 
somewhat surprising that the M-S-M Br demonstrates the same behavior. The molecular 
weight information for this triblock is provided in Table 3 .6 and the SEC curve is shown 
in Figure 3 . 16a. Therefore, incomplete initiation by the PS Br was observed during the 
M-S-M Br synthesis and Soxhlet extraction purification is still required. 
While the halide exchange system failed to eliminate the purification step, it may 
still have benefit if greater conversions are obtained. Both M-S-M Br and M-S-M Cl 
triblock copolymers were purified by the Soxhlet extraction method described in Section 
3 .2 with cyclohexane to remove the unreacted polystyrene. After Soxhlet extraction, 
72% of the M-S-M Cl and 75% of the M-S-M Br was recovered. Thus, the halide 
exchange did in fact produce greater conversion of polystyrene, and because of this the 
molecular weight was closer to the target molecular weight (50,000) as can be seen in 
Table 3 .6. The SEC curves of the Soxhlet extracted M-S-M triblock copolymers are 
shown in Figure 3. 16. 
To determine if polystyrene with longer molecular weights can be obtained by 
this halide exchange procedure, polystyrene homopolymers with target molecular weights 
of 21 ,400 and 30,000 were attempted. Once again, the amounts used to polymerize PS 
Br (2 1k) and PS Br (30k) are provided in Table 3 .5 and the molecular weight information 
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is included in Table 3.6. The target molecular weight was obtained by the PS Br (21k), 
which gave a Mw equal to 23,600, Mn equal to 20,700, and POI equal to 1.14. However, 
the PS Br (30k) did not obtain the target molecular weight. The synthesis of PS Br (30k) 
yielded polystyrene with Mw equal to 25,900, Mn equal to 22,300, and POI equal to 1.16. 
Since difficulties arose polymerizing polystyrene with molecular weights higher than 
21,000 by the method using a,a' p-dibromoxylene in the presence of copper bromide / 
2,2' -bipyridine complex, the initiator and catalyst system used previously (POSC with 
CuCl I 2,2'-bipyridine) is used to polymerize styrene and methyl methacrylate multi block 
copolymers. 
3.4 
Synthesis of Multiblock Compatibilizers by A TRP Techniques 
The ATRP techniques developed in Sections 3.2-3.3 are used to polymerize 
multiblock copolymers composed of styrene and methyl methacrylate monomers to be 
used as compatibilizers for polystyrene and poly(methyl methacrylate). Multiblock 
copolymers with different block lengths, but the same overall molecular weight of 
150,000 were synthesized. Triblock copolymers consisting of three blocks of 50,000 
g/mole, pentablock copolymers composed of five blocks of 30,000 g/mole, and 
heptablock copolymers made up of seven blocks of 21,400 g/mole were prepared. These 
multiblock copolymers were synthesized from both polystyrene and poly(methyl 
methacrylate) macroinitiators, (styrene-centered and methyl methacrylate-centered, 
respectively). In addition, the synthesis of pentablock and heptablock copolymers result 
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in precursors, triblocks for pentablocks and pentablocks for heptablocks, which are also 
examined as compatibilizers. 
3.4.1 
Experimental 
Similar to Section 3.2, phenoxybenzene-4,4'-disulfonyl chloride (difunctional 
initiator) was used in the presence of a copper halide/2,2' -bipyridine complex to 
sequentially polymerize alternating blocks of styrene and methyl methacrylate. This 
method was used to prepare both polystyrene and poly(methyl methacrylate) 
homopolymers followed by the synthesis of styrene and methyl methacrylate centered 
triblock copolymers consisting of differing block lengths (50,000, 30,000, and 21,400) 
[poly(methyl methacrylate-b-styrene-b-methyl methacrylate) (M-S-M) and poly(styrene­
b-methyl methacrylate-b-styrene) (S-M-S) ] .  Some of the triblocks were then extended 
further to synthesize pentablock copolymers [poly(styrene-b-methyl methacrylate-b­
styrene-b-methyl methacrylate-b-styrene) (S-M-S-M-S) and poly(methyl methacrylate-b­
styrene-b-methyl methacrylate-b-styrene-b-methyl methacrylate) (M-S-M-S-M)] . 
Finally, heptablock copolymers were prepared from pentablock precursors [poly(methyl 
methacrylate-b-styrene-b-methyl methacrylate-b-styrene-b-methyl methacrylate-b­
styrene-b-methyl methacrylate) (M-S-M-S-M-S-M) and poly(styrene-b-methyl 
methacrylate-b-styrene-b-methyl methacrylate-b-styrene-b-methyl methacrylate-b­
styrene) (S-M-S-M-S-M-S)] . 
Materials. Monomers were purified by the method described in Section 3.3.1. 
Methyl methacrylate (99%) and di phenyl ether (Aldrich, 99%) were purchased from 
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Aldrich, and styrene (99% ), copper (I) chloride (99% ), and 2,2' -bipyridine (99%) were 
purchased from Acros. Phenoxybenzene-4,4' disulfonyl chloride (PDSC) was 
synthesized by the dropwise addition of chlorosulfonic acid (Acros, 98%) to di phenyl 
ether (Aldrich, 99%) by a literature procedure.76 
Size Exclusion Chromatography. SEC analysis was performed at room 
temperature (25 °C) using a Waters system equipped with two Polymer Laboratories 
Plgel 5 µm mixed-D columns and a Waters 410 differential refractometer as a detector. 
250 µL of each sample was injected into the SEC. Samples were 0.2% weight percent 
solution and tetrahydrofuran (THF) was the eluent at a flow rate of 1.0 mUmin. The 
SEC curves are calibrated using narrow molecular weight distribution polystyrene 
standards. 
Nuclear Magnetic Resonance Spectroscopy. 1 H spectra of the homopolymers and 
multiblock copolymers are recorded on a Bruker AC250 MHz NMR spectrometer to 
determine the composition of the synthesized copolymers. 1 0 1  Solutions are prepared with 
deuterated chloroform as the lock solvent with an internal standard of trimethylsilane. 
Polymerizations. Unless otherwise stated, the same procedures used in Section 
3.2 were used for all polymerizations. For the polymerizations of all homopolymers and 
triblock copolymers, no solvent was added. For pentablock and heptablock copolymers, 
diphenyl ether was added according to the amounts given in Table 3.7 to facilitate 
dissolution of the macroinitiators. The specific contents for all polymerization reactions 
are given in Table 3.7. Due to the incomplete initiation of the polystyrene macroinitiator, 
the monomer ratio was adjusted for M-S-M triblock polymerizations. Since 
approximately 70 - 72% of the polystyrene macroinitiator reacted previously in M-S-M 
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Pelymer MMA Styrene CuCl Bipy 
(MMAJ. / [Qo (Styrenelc, / [Qo Prepared (mL) (mL) (gnms) (gnms) 
PS50 500 63.2 0.218 1 .034 
PS30 300 65.0 0.453 2.145 
PS21 214 65.0 0.525 2.484 
PMMA50 500 59.0 0.218 1 .033 
PMMA30 300 75.0 0.462 2.189 













69.8 0.430 2.037 
(70% of 428) 
S-M-S50 1000 63.5 0.110 0.520 
S-M-S30 600 83.0 0.239 1 .131 
S-M-S21 422 80.6 0.325 1 .540 
S-M-S-M-S30 600 16.0 0.049 0.233 
S-M-S-M-S21 428 18.5 0.080 0.378 
M-S-M-S-M30 600 33.5 0.103 0.489 
M-S-M-S-M21 428 36.6 0.158 0.749 
M-S-M-S-M-S-M21 428 24.6 0.106 0.503 
S-M-S-M-S-M-S21 428 10.9 0.047 0.224 
diplaenyl Initiator : PDSC Initiator : PDSC Initiator : 
ether 
(mL) 
(# moles) (gnms) Polymer type 
0.0 0.001103 0.405 
0.0 0.002288 0.840 
0.0 0.002651 0.974 
0.0 0.001102 0.405 
0.0 0.002335 0.858 
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reactions, the amount of methyl methacrylate monomer was decreased by 30% to attain 
the desired molecular weight. 
Soxhlet Extractions. M-S-M triblocks underwent purification by Soxhlet 
extractions. Cyclohexane was used to remove unreacted polystyrene in a Soxhlet 
extraction apparatus. Extractions took from 5 - 10 days depending on the amount of 
triblock copolymer purified. Investigation of SEC curves was used to determine when 
purification was complete. 
3.4.2 
Results 
The percent yield from each polymerization varied from 80 - 95% for each 
polymerization as shown in Table 3.7. Upon completion of each step, the molecular 
weights were determined by SEC and the compositions were determined by 1H NMR 
analysis. Table 3.8 provides the molecular weights and composition for each polymer 
prepared by ATRP in Section 3.4. By combining the SEC and NMR data, degrees of 
polymerizations for each block was determined. The homopolymers block lengths were 
found by the number average molecular weight from SEC data. However, due to 
increasing polydispersity, the degrees of polymerization of the remaining blocks were 
obtained from the NMR composition data. The degrees of polymerizations for each 
block of the multiblock copolymers can be viewed in Table 3.9. Investigation of the 1H 
NMR spectra revealed similar spectra as observed in Figures 3.9 - 3.11 indicating the 
blocky structures were retained. In addition, the polydispersities generally increased with 
increasing block molecular weight. 
92 
Table 3.8: Molecular weight and composition of multiblock copolymer synthesized 
in Section 3.4. 
Polymer/Copolymer Mw Mn Mw/Mn %Sty %MMA 
PMMA50 53,500 45,100 1.19 0% 100% 
PMMA30 32,100 29,000 1.10 0% 100% 
PMMA21 24,500 21,300 1.15 0% 100% 
PS50 69,800 50,000 1.40 100% 0% 
PS30 36,800 28,700 1.28 100% 0% 
PS21 23,600 20,700 1.14 100% 0% 
S-M-S50 153,000 96,700 1.58 69% 31% 
S-M-S30 115,000 76,700 1.50 68% 32% 
S-M-S21 92,800 62,600 1.48 68% 32% 
M-S-M50 170,000 111,100 1.53 33% 67% 
M-S-M30 120,300 80,400 1.50 32% 68% 
M-S-M21 65,000 49,600 1.31 34% 66% 
M-S-M-S-M30 159,000 105,000 1.51 41% 59% 
M-S-M-S-M21 127,000 83,800 1.52 41% 59% 
S-M-S-M-S30 175,000 115,100 1.52 60% 40% 
S-M-S-M-S21 126,500 82,300 1.54 62% 38% 
S-M-S-M-S-M-S21 151,000 98,200 1.54 57% 43% 
M-S-M-S-M-S-M21 155,000 98,100 1.58 45% 55% 
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\0 � 
Block Copolymer Type 
Triblock (1v.11v.1A centered) 
Triblock (1v.11v.1A centered) 
Triblock (1v.11v.1A centered) 
Triblock (Sty centered) 
Triblock (Sty centered) 
Triblock (Sty centered) 
Pentablock (1v.11v.1A centered) 
Pentablock (1v.11v.1A centered) 
Pentablock (Sty centered) 
Pentablock (Sty centered) 
Heptablock (1v.11v.1A centered) 
Heptablock (Sty centered) 











S-M-S-M-S-M-S(2 1)  
M-S-M-S-M-S-M(2 1) 
Block Degree of Polymerization 
483-45 1 -483 
296-290-296 
2 1 8-2 1 3-2 1 8  
485-48 1 -485 
305-276-305 
20 1 - 1 99-20 1  
298-296-290-296-298 
2 1 9-2 1 8-2 1 3-2 1 8-2 1 9  
30 1 -305-276-305-30 1 
2 1 6-20 1 - 1 99-20 1 -2 1 6  
1 97-2 1 9-2 1 8-2 1 3-2 1 8-2 1 9- 1 97 
200-2 1 6-20 1 - 1 99-20 1 -2 1 6-200 




































Compatibilization of Polystyrene and Poly(Methyl Methacrylate) Blends 
with Multiblock Copolymers: Role of Polymer Architecture 
Asymmetric double cantilever beam test (ADCB) was used to determine the 
compatibilizing ability of a series of styrene and methyl methacrylate copolymers with 
varying architectures. Multiblock copolymers synthesized in Section 3 .4, diblock, and 
random copolymers of similar molecular weight were used to reinforce PS/PMMA strips. 
These ADCB samples were analyzed at varying copolymer thickness (20 nm to 300 nm 
layers). This study determines the effect of copolymer architecture on the 
compatibilization of polymer blends. In addition, the effect of block length on the ability 
of multi block copolymers to compatibilize a biphasic interface was evaluated. This 
analysis provides a model system for the study of compatibilization of polymer blends 
with copolymers of different architectures and structures . 
4.1 
Introduction 
In Chapter 1 ,  the importance of copolymer architecture and sequence distribution 
on the ability of a copolymer to compatibilize a polymer blend was discussed. Also, the 
effect of copolymer architecture on copolymer alignment (Figures 1 . 1 - 1 .3) and the 
number of interface crossings were presented in detail .  This concept is illustrated in 
Figure 4. 1 for thin copolymer layers (before saturation at the interface occurs), which 
diagrams the possible conformations of several blocky copolymers . From theory, 14- 19 it 
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Figure 4.1 :  Possible alignment of block copolymers at a PS/PMMA interface. 
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seems logical that the more times a copolymer molecule crosses the interface, the more 
effective interfacial modifier that copolymer would be. There would be more joints or 
"stitches" sewing the two phases together, creating a stronger interface over which stress 
can be transferred whether the failure mechanism is by chain pullout or chain break. 1 1 •49 
Conceptually, this trend makes sense, but there is very little information on how 
changing the sequence distribution from diblock to random and alternating will exactly 
impact the ability of a copolymer to compatibilize an interface. Therefore, while 
substantial work has been completed on understanding the fundamentals of the 
mechanism by which copolymers can compatibilize immiscible polymer blends, there is 
no clear picture of how copolymer architecture and sequence distribution affects the 
ability of a given copolymer to compatibilize a polymer blend. Different copolymer 
structures such as diblock, random, multiblock, alternating, and graft copolymers have 
been examined as compatibilizers, but comparison of these results does not provide 
conclusive insight into the role of copolymer microstructure in the interfacial 
modification process. This is primarily because other parameters such as copolymer 
composition, molecular weight and monomer pair also vary in these studies and thus 
separation of sequence distribution effects can not be definitively achieved. Thus, to 
more thoroughly understand the importance of copolymer architecture on its ability to 
compatibilize an immiscible polymer blend, the ability of a copolymer to modify the 
interface in a phase-separated polymer blend was determined for a series of copolymers 
with varying sequence distribution for one monomer pair . The monomer pair chosen for 
this study was styrene (S) and methyl methacrylate (MMA). This pair was chosen due to 
the availability of the copolymers with a variety of sequence distributions and the fact 
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that significant data appears in the literature for PS and PMMA homopolymers 
compatibilized by random,45 ·46·
49 diblock,46·50·53 and graft50 copolymers. Styrene/methyl 
methacrylate random, alternating, and diblock copolymers can be readily purchased or 
synthesized. The multiblock copolymers are more difficult to obtain, however, a method 
to synthesize triblock, pentablock, and heptablock copolymers of styrene and methyl 
methacrylate was developed in Section 3 .2 and applied in Section 3.4. 
4.2 
Experimental 
Homopolymers. Polystyrene (PS) was purchased from Aldrich and had a Mw 
equal to 230,000 and a Mn of 140,000. Atactic poly(methyl methacrylate) (PMMA) was 
purchased from Polysciences, Inc . with a Mw equal to 100,000 and a Mn of 62,500. Both 
homopolymers were heated at 150 °C under vacuum for 48 hours to remove any 
remaining solvent or other impurities. 
Copolymers. The poly(styrene93 _sK-b-methyl methacrylate10sK) diblock was 
purchased from Polymer Source, Inc. ,  while the poly(styrene0.rran-methyl 
methacrylateo.3) random copolymer was synthesized via standard free radical techniques 
[96.2 mL of styrene, 38.5 mL of methyl methacrylate, .1126 g of AIBN, 175 mL benzene 
reacted in round bottom flask at 60 °C for 3 hours under Argon flow] . Multiblock 
copolymers were synthesized by using the ATRP techniques reported in Chapter 3, 
specifically Section 3.4. Molecular weights and composition data for the homopolymers 
and copolymers studied are given in Table 4.1. It is important to note that, due to the 
sequential nature of this synthetic procedure, it is expected that the multiblock 
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Table 4.1 :  Molecular weight and composition of polymers and copolymers used in 
Chapter 4. 
Polymer/Copolymer Mw Mn Mw/Mn %Sty %MMA 
PMMA50 53,500 45,100 1. 19 0% 100% 
PMMA30 32, 100 29,000 1 . 10 0% 100% 
PMMA21 24,500 2 1,300 1. 15 0% 100% 
PS50 69,800 50,000 1 .40 100% 0% 
PS30 36,800 28,700 1.28 100% 0% 
PS21 23,600 20,700 1. 14 100% 0% 
S-MlO0 201,500 169,300 1 . 19 46% 54% 
S-M-S50 153,000 96,700 1.58 69% 3 1% 
S-M-S30 1 15,000 76,700 1 .50 68% 32% 
S-M-S21 92,800 62,600 1.48 68% 32% 
M-S-M50 170,000 1 1 1, 100 1.53 33% 67% 
M-S-M30 120,300 80,400 1.50 32% 68% 
M-S-M21 65,000 49,600 1.3 1  34% 66% 
M-S-M-S-M30 159,000 105,000 1.5 1  41% 59% 
M-S-M-S-M21 127,000 83,800 1.52 41% 59% 
S-M-S-M-S30 175,000 1 15, 100 1.52 60% 40% 
S-M-S-M-S21 126,500 82,300 1.54 62% 38% 
S-M-S-M-S-M-S21 15 1,000 98,200 1.54 57% 43% 
M-S-M-S-M-S-M21 155,000 98, 100 1.58 45% 55% 
Random(S0.7-MMA0.3) 162,000 99,300 1.63 70% 30% 
Homopolymer PS 230,000 140,000 1.64 100% 0% 
Homopolymer PMMA 100,000 62,500 1.60 0% 100% 
99 
copolymers will exhibit fairly narrow composition distributions, a parameter that is also 
known to be important in the interfacial modification process by copolymers.1 8•54 The 
block degree of polymerizations for each block copolymer used is given in Table 4.2. 
ADCB Sample Preparation. PS and PMMA homopolymers were compression 
molded and cut into strips 1 cm wide, 6.5 cm long, and either .20 cm thick for the PMMA 
layer or .23 cm thick for the PS layer. ADCB test can be used to determine the interfacial 
strength between two materials (bare interface or bilayer geometry) or it can be used to 
determine the interfacial strength of a compatibilized interface between two materials 
(compatibilizer in between the two layers or trilayer geometry). For a trilayer geometry, 
copolymer layers were spin coated from a copolymer solution onto a glass slide or 
directly on top of one of the homopolymer strips at 2500 rpm for 30 seconds. The 
thickness of the copolymer film was controlled by the concentration of the solution. The 
correlation between film thickness and solution concentration was determined by spin 
coating similar solutions (PMMA, toluene) onto silicon wafers and determining the 
thickness of these films with a nulling ellipsometer. A plot of PMMA concentration as a 
function of polymer thickness and a table of common concentrations/thickness are given 
in Figure 4.2. Copolymer layers ranging from 20 nm to 300 nm were spin coated from a 
copolymer solution (0.7 to 5.3 wt%) in toluene onto a glass slide at 2500 rpm for 30 
seconds. In addition, the areal chain density, L, was calculated for each copolymer 
thickness by equation 4.1 using the polymer density (p) , Avogadro's number (NA), and 
the molecular weight. 
L = Thickness * p * NA / Molecular weight (4.1) 
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Block Copolymer Symbol I Block Degree of Polymerization 
S-M(lOO) I 935-1050 
483-451 -483 
296-290-296 
2 18-2 13-218 
485-481-485 
305-276-305 
201 - 199-201 
298-296-290-296-298 
2 19-2 18-213-21 8-2 19  
30 1 -305-276-305-30 1 
2 16-20 1- 199-20 1 -216  
S-M-S-M-S-M-S(2 1 197-2 1 9-2 18-2 13-21 8-2 19- 197 
M-S-M-S-M-S-M(21 200-2 16-20 1 - 199-20 1 -2 16-200 
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Figure 4.2: Plot of polymer concentration as a function of polymer thickness. 
102 
After the copolymer was spuncoat on top of the glass slide, sides of the glass slide 
were scored with a razor blade and the film was floated off the glass slide into a water 
bath. The water was drained and the film was floated onto a PS homopolymer strip. The 
samples were dried at 80 °C for at least two hours and then dried at the same temperature 
under vacuum for 24 hours. A PMMA strip was placed on top of the copolymer layer 
resulting in a three-layer sandwich (PS/copolymer/PMMA). This tri-layer sample was 
annealed for two hours at 1 50°C under slight pressure (< 10  pounds). For random 
copolymers composed of styrene and methyl methacrylate, this annealing time has been 
shown to be insufficient to achieve thermodynamic equilibrium.45 However, this 
annealing time and temperature was used in order to be consistent with similar ADCB 
studies of styrene/methyl methacrylate copolymers given in the literature. Also, 
increasing the annealing time up to 1 8  hours was reported by H. R. Brown to give little 
variation in fracture toughness.52 The final ADCB samples were then stored in a 
dessicator until testing by the ADCB. 
Fracture Toughness Measurement. The interfacial fracture toughness, Ge, was 
determined by inserting a razor blade at the interface. The razor blade was driven 
forward at a speed of 0.20 mm/min as shown in Figure 2. 1 .  In order to see the resulting 
crack, the top homopolymers layer must be transparent. Crack lengths were measured 
from the razor blade to the crack tips by capturing pictures on a computer every minute 
using a video camera directly over the sample. As the blade was being inserted and the 
crack was propagating, approximately 15-25 measurements of the crack length were 
made for each sample. The value found for the crack length (a) was then used with 
equation 2.4 to calculate the fracture toughness, Ge . For each interface examined, 7- 12 
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samples were tested. The thickness of the razor blade (�) and the thickness of the 
homopolymer layers (h 1 and h2) were measured by a caliper. Young's moduli of the 
polystyrene and PMMA homopolymers (E1 and E2) were found by the three point 
flexural test (ASTM D 790). 1 1 3 
4.3 
Results and Discussion 
Copolymer Architecture. Results from the ADCB experiments are given in Table 
4.3 and as plots of interfacial fracture toughness, Ge, as a function of the copolymer layer 
thickness and L, areal chain density (number of chains per area). These plots for 
multiblock copolymers originating from PMMA homopolymers (those with PMMA 
central blocks) are given in Figure 4.3, while those initiating from PS blocks (those with 
PS central blocks) are shown in Figure 4.4. On these plots, 0 nm thick layers represent 
no copolymer present at the interface. This resulting weak interface reveals a measured 
fracture toughness of 3 .4 J/m2 . After placing copolymer layers at the interface, increases 
in the fracture toughness are observed for all copolymers. 
Upon examination of Figure 4.3 ( or Figure 4.4 ), three different regions of 
behavior are observed. The first region occurs when the copolymer thickness is between 
0 to 35 nm, the second from 35 to 100 nm, and the third when the copolymer layer is 
thicker than 100 nm. In the first initial region, very little difference in the interf acial 
strengths of the various copolymers is observed. This trend makes sense, as in this 
regime the PS/PMMA interface is lightly covered with interfacial modifier and any 
improvement in the fracture toughness is due to the presence of any interf acial modifier 
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Table 4.3: ADCB results for the copolymers studied. 
Copolymer 
a (mm) Gc (Ji'm2) 
error 
thickness (nm) (Jfml) 
Copolymer 
a (mm) Ge (J/ml) 
error 
thickness (nm) (J/ml) 
20 21 . 1  9.3 0.5 20 21 .2 9.2 0.6 
i 35 18.6 14.5 1 .2  
::g 50 18.5 14.7 1 .4 rn 65 18. 5  15.0 1.3 � 
80 17.9 16.8 1 .6  
� 
35 18.8 14.0 1.3 
Ii'} 50 18.8 14. 1 1 .0 
� 65 18.8 14. 1 1 .6 rn 
80 16.5 22.1 1.5 
100 13.0 47.2 4.0 100 13. 1  48.6 3.9 
200 13. 5  44.5 3.7 200 13. 1  49. 1 4.0 
300 13. 1  48.8 3. 9 300 12.9 51 .8 3.7 
Copolymer 
a (mm) Gc (Ji'm2) 
error 
thickness (nm) (J/ml) 
Copolymer 
a (mm) Ge (J/m2) 
error 
thickness (nm) (Ji'ml) 
20 21 .4 8. 8 0. 6 
� 35 18.8 14.0 1 . 1  
� 50 16.5 22.4 1.7 
rh 65 15.5 27.5 1 .9 � 
80 13.8 40.9 2.5 rn 
20 21 .3  9.0 0.6 
� 35 19.0 13.6 1 .2  
::g 
50 17.2 19.4 1.5 rh 
65 15.9  25.2 2. 1 
80 12.6 55.2 3.9 
100 12.6 55. 5 4.6 100 12. 3  60.4 5.2 
200 12.6  56. 1 4.9 200 12.5 57.7 4.9 
300 12.7 54.9 4.4 300 12. 1 63. 1 4.8 
Copolymer 
a (mm) Gc (Ji'm2) 
error 
thickness (nm) (J/m2) 
Copolymer 
a (mm) Ge (J/ml) 
error 
thickness (nm) (Ji'ml) 
;:::, 20 21 .2 9. 1 0.5 
t!, 
::g 35 19.0  13.6 1 . 1  rn 
� 50 17.7 17.5 1 .8  
rn 65 16.7 19.2 1.7 � 
80 1 5.8 25.6 2.0 rn 
� 100 1 5. 5  28.5 2.3 
g 20 21.2 9.2 0.5 
Ii'} 35 18.9 13.9 1.0 � 
50 17.9 16.8 1 .3  
65  17. 2 21. 1 1 . 9  
� 80 16.4 22.7 1 .6  
rh 100 1 5.4 27.6 2.0 
200 14. 5 33.4 3. 1 200 14.7 34.6 2.4 
300 14.4 35.9 2.9 300 14.6 34. 1 2.5 
Copolymer 
a (mm) Gc (Ji'm2) 
error 
thickness (nm) (J/ml) 
Copolymer 
a (mrn) Gc (Ji'ml) 
error 
thickness (nm) (Ji'ml) 
20 22.9 6. 9 0.4 
; 35 20.8 9.8 0.7 
r.!. 50 18. 5  14.8 0.8 
20 21.0 9.4 0.6 
8 
35 19 .5 12 .3 0 .9 
c 50 18. 1 15.9 1 . 1  
i 65 170 20. 1 1 .7 � 80 1 6.4 22.6 1 .6  
::g 65 17.3 18.8 1 .4 rh 
80 15.6 27. 1 1 .9 
Ii 100 15 .6  26.7 1 .9 � 100 14. 1 38.0 2.4 
200 15 .2 29.4 2. 1 200 14.0 39.4 2 .8  
300 1 5. 1  30.5 2.2 300 ** ** ** 
Copolymer 
a (mm) Gc (Ji'm2) 
error 
thickness (nm) (J/ml) 
Copolymer a (mm) Ge (J/ml) 
e1Tor 
thickness (nm) (J/ml) 
20 21.2 9. 1 0.4 20 21 .9  8. 1 0 .5 
s 35 19. 3  12. 8 0.7 ;:::, 35 20. 0 1 1 .3 0.7 
t!, 
Ii'} 
50 1 9.2  130 0. 8 � rn 65 19. 1  13.3 0. 9 
Ii'} 
50 18.9 13.7 0.8 � rn 65 17.8 16.9 1 . 0  
80 17.2 19. 1 I . I  80 172 19. 1 1 .2 
1 00 1 5. 6  30.3 1 .8  100 16.9 20.5 11 
200 15 .3 28.8 1.7 200 16.5 22.2 1 .4 
300 14.7 30.9 1 .9  300 16 .8 20.8 1 . 3  
Copolymer 
a (mm) Ge (J/ml) 
error 
thickness (nm) (J/ml) 
;:::, 20 22.0 8.0 0.5 
t!, 
35 18. 9  10.7 0.6 
50 18.3 13.5 0.8 
� 65 17.7 17.2 1 .0  rn 
80 16.8 21 .0 1 .3  � 
100 15.8 23.5 14 
200 16. 3  26.0 1 . 6  
300 16. 0  24.8 1 . 5  
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Figure 4.3: Fracture toughness, Ge, of PS/PMMA interfaces reinforced with MMA­
centered multiblock copolymers [S-M-S(50), M-S-M-S-M(30), S-M-S-M­
S-M-S(21)] plotted as a function of copolymer layer thickness and areal 
chain density, L. 
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Areal Chain Density, � (chains/nm2) 
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Figure 4.4: Fracture toughness, Ge, of PS/PMMA interfaces reinforced with styrene­
centered multiblock copolymers [M-S-M(50), S-M-S-M-S(30), M-S-M-S­
M-S-M(21)] plotted as a function of copolymer layer thickness and areal 
chain density, L. 
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that can interact with both phases. However, in the second transition regime, the fracture 
toughness does begin to differ with copolymer architecture. For instance, the interfacial 
fracture toughness of the M-S-M-S-M(30) pentablock and the S-M-S-M-S-M-S(21) 
heptablock increases consistently with copolymer thickness. Conversely, the S-M-S(50) 
triblock copolymer reveals a plateau that occurs from 35 to 65 nm. Relating this behavior 
to a physical picture of the interface is not as trivial in this regime as in the initial regime, 
but comparable triblocks in a PS/PVP system revealed similar trends. 1 1  In the transition 
region, the M-S-M-S-M(30) pentablock yielded the highest measured Ge's of all of the 
copolymer structures examined. The S-M-S-M-S-M-S(21)  heptablock gave the next 
highest fracture toughness in this region, followed by the S-M-S(50) triblock. 
The transition point (thickness) where the copolymer layer transitions from lightly 
covered to completely covered can be estimated for a copolymer of a certain molecular 
weight. Each copolymer chain is assumed to occupy the area of x-section of sphere that 
is calculated by equation 4.2 with the radius of gyration (Rg) of a styrene/MMA 
copolymer assumed to be approximately 1 10 A. R/ is equal to a constant multiplied by 
the molecular weight. This constant was determined from light scattering data for PS65 
and PMMA 141 of varying molecular weights. A PS molecule of 1 50,000 molecular weight 
was estimated to have a Rg equal to 120 A, while a PMMA molecule of the same 
molecular weight was determined to have an approximate Rg of 100 A. The 
styrene/MMA copolymer was assumed to have an equal contribution from both 
monomers to give the estimated radius of gyration of 1 10 A. For a given surface area, 
the total number of copolymer chains is found by equation 4.3 by dividing the total 
surface area by the area occupied by each copolymer chain. The number of copolymer 
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chains is divided by Avogadro's number (NA) to determine the number of moles of 
copolymer chains as in equation 4.4. Equation 4.5 is used to determine the mass of the 
copolymer chains by multiplying the number of moles by the copolymer molecular 
weight. Using the density, the volume that the copolymer chains occupy is calculated 
from its mass as shown in equation 4.6. The copolymer volume is equal to the total 
surface area multiplied by the thickness; thus the transition thickness can be estimated by 
equation 4.7. 
Copolymer Chain Area = 1tR/ (4.2) 
# of Copolymer Chains = Total Surface Area / Copolymer Chain Area ( 4.3) 
# of Moles of Copolymer = # of Copolymer Chains / NA (4.4) 
Mass of Copolymer = # of Moles of Copolymer * Molecular Weight (4.5) 
Copolymer Volume = Mass of Copolymer / p ( 4.6) 
Thickness = Copolymer Volume / Total Surface Area (4.7) 
For a copolymer with a molecular weight of 150,000 g/mole, full coverage is calculated 
to begin at a thickness of approximately 60 nm, which occurs in the middle of the 
transition region (35 -100 nm). 
The third and final region (thickness > 100 nm) is referred to as the saturated 
region, and is marked by little changes in Ge with increasing copolymer thickness. This 
region correlates to the physical condition where the copolymer has saturated the 
interface between the two homopolymer layers, may form its own third layer between the 
two homopolymers, and the addition of further copolymer provides little improvement of 
the fracture toughness of the interface. Optimum strengthening for all multiblock 
copolymers is observed in this region, presumably due to the interaction of the 
109 
copolymers with both homopolymer phases. In this region, the strongest interfaces are 
found for those modified with the M-S-M-S-M(30) pentablock copolymer, followed by 
the S-M-S(50) triblock copolymer which, in tum, yielded higher fracture toughness 
values than the S-M-S-M-S-M-S(21) heptablock copolymer. 
Before further discussion of these three regimes and their relationship to the 
structure of the copolymers, it is interesting to note the similarities between the curves in 
Figures 4.3 and 4.4. The shapes and fracture toughness values are nearly identical for 
each type of multiblock copolymer in both plots. Essentially, little to no difference is 
observed between the styrene-centered and the methyl methacrylate centered multiblocks. 
This occurs despite the fact that the composition of the styrene-centered copolymers are 
very different than the composition of the methyl methacrylate copolymers with the same 
architecture. For example, the two heptablock copolymers have the smallest composition 
difference with the M-S-M-S-M-S-M(21) being 45% styrene while the S-M-S-M-S-M­
S(21) is 57% styrene, yet these two copolymers demonstrate similar strengthening 
abilities. Similarly, S-M-S-M-S(30) is composed of 60% styrene and M-S-M-S-M(30) is 
made up of 41 % styrene. M-S-M(50) has a composition that is 33% styrene, while S-M­
S(50) has a 69% styrene composition, yet both triblocks give comparable Ge vs. layer 
thickness curves. It appears the ability to improve interfacial adhesion for multiblock 
copolymers is less sensitive to the monomer composition than other copolymer 
structures, such as random copolymers composed of styrene and MMA. Russell and 
coworkers determined a significant dependence of interfacial fracture toughness on 
monomer composition for random MMA/S copolymers and found that the optimal 
fracture toughness was found when the styrene/MMA random copolymer contains 68% 
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styrene.49 This composition dependence was related to the symmetry of the distribution 
of the copolymers between the two homopolymer phases, with the strongest interface 
correlating to a symmetric broadening of the interface by the random copolymer. A 
similar study on the multiblock copolymers would be interesting. 
To more completely correlate our results to those reported previously, the 
interfacial strengthening of the multiblock copolymers are also compared to that of 
random and diblock copolymers in Figure 4.5, where only the MMA-centered 
multi blocks from Figure 4.3 are included. Note that the composition of the random 
copolymer is similar to that found by Russell and co-workers to be optimal. In the initial 
region, the S-M(l00) diblock exhibits similar results to the other blocky copolymers, 
however, the random copolymer displays slightly lower interfacial fracture toughness 
values than those of the blocky copolymers. It appears that blocky copolymers are 
slightly better than random copolymers for interfacial modification when the surface is 
lightly covered, although there doesn't  seem to be much difference between the various 
blocky copolymers. Through the transition region, the fracture toughness of the samples 
with the diblock and random copolymers both consistently increase with compatibilizer 
layer thickness. It is of particular interest that the di block copolymer does not form the 
plateau, which was observed with the triblocks. It appears that the plateau phenomenon 
is only observed for the triblock copolymer at the block molecular weights studied. Upon 
reaching the saturation region, the diblock and random copolymer flatten out similarly to 
the other structures examined. 
The observed initial, transition, and saturated regions can be correlated to known 
mechanisms of failure/fracture of polymeric interfaces. Previous researchers have 
111 
Areal Chain Density, � (chains/nm2) 
0.1 1  0.22 0.34 0.45 0.56 0.67 0.78 0.90 1 .01 1.12 1.23 1 .34 
70 
60 
� 50 � 











0 25 50 75 1 00 1 25 1 50 175 200 225 250 275 300 
Copolymer lllickness (run) 
Figure 4.5: Fracture toughness, Ge, of PS/PMMA interlaces reinforced with diblock 
[S-M(l00)] , poly(So.1-ran-MMA03), S-M-S(50), M-S-M-S-M(30), and S­
M-S-M-S-M-S(21)] plotted as a function of copolymer layer thickness and 
areal chain density, L. 
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correlated the type of interfacial failure to the lengths of each block and the number of 
chains at the interface (areal chain density, L) for diblock and triblock copolymers.8• 1 1 •21•22 
Copolymers with blocks longer than the critical entanglement molecular weights of the 
homopolymers and low areal chain densities (thin copolymer layers) have been shown to 
fail by chain scission.  During chain scission, copolymer chains break upon fracturing of 
the interface. This mechanism of failure should occur in our initial region (0 - 35 nm) for 
copolymers with blocks greater than the critical molecular weight. As L is increased, the 
type of fracture mechanism transitions from chain scission to crazing.8• 1 1 •2 1 •22 During 
crazing, crazes are formed in one of the homopolymers followed by copolymer failure. A 
signature of crazing is an abrupt increase in the fracture energy, primarily due to the large 
amount of material that undergoes plastic deformation in a craze.39 Inspection of the 
data, therefore, suggests that crazing begins in the transition region for copolymers S-M­
S(50), M-S-M(50), M-S-M-S-M (30), S-M-S-M-S(30) and S-M(IO0), and occurs 
throughout the saturated region (100 - 300 nm). Copolymers with block lengths below 
the critical entanglement molecular weight and low areal chain densities are known to fail 
by another method. Shorter block lengths are not long enough to adequately anchor into 
the homopolymer phases and simply pull out upon fracturing of the interface.8• 1 1 •2 1•22 
This method of failure is called chain pullout. For copolymers with short block lengths, 
failure occurs in the initial region (0 - 35 nm) by chain pullout. At higher areal chain 
densities, the mechanism of failure again changes from pullout to crazing of one of the 
homopolymers followed by copolymer chains disentangling or breaking. 8•2 1 •22•47 Once 
again, crazing begins in the transition region and occurs throughout the saturated region. 
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In the Section 2.2, it was speculated that increasing the number of interface 
crossings of a copolymer would result in an increase in the interfacial strength by 
providing more blocks to be pulled out or junctures that need to be cut; however, this 
scenario was not observed for the initial region. However, while the initial region 
demonstrated little differences between copolymers, the saturated region reveals large 
changes in interfacial strength between copolymers. It appears for the copolymers 
studied that little difference in interfacial strength is found when only chain pullout or 
chain scission occurs, but large differences are observed when crazing is the failure 
mechanism. 
One would expect that the copolymer alignment is much different in the saturated 
region than in the initial region. In the initial region, the interface is not yet completely 
covered (saturated) with copolymer chains and chain configurations can be expected to 
be similar to the illustration given in Figure 4.1. Increasing the copolymer content at the 
interface leads to crowding of the copolymer chains at the interface, and eventually the 
formation of a separate copolymer layer in the saturated region. When the interface is 
saturated and a separate, discrete copolymer layer forms, (estimated to occur at ~ 60 nm) 
the copolymer layer will have two interfaces, one between the copolymer and PS 
homopolymer and the other with PMMA homopolymer. The strength of this saturated 
system will thus depend on the structure of the interface and the interaction of the 
copolymer with both homopolymers separately. 
Dai and Kramer have found that within this separate copolymer layer, 
microstructure such as lamellae may form. They found that PVP-PS-PVP triblocks and 
PVP-PS diblocks with the same molecular weight and composition placed at the PS/PVP 
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interface demonstrate lamellae formation. I I Using ADCB, they also found that the PVP­
PS-PVP triblock with lamellae provided greater interfacial strength than the PS-PVP 
diblock. The stronger interfaces were attributed to the ability of the triblock copolymers 
to "bridge" adjacent mesophases within the copolymer layer while diblock copolymers 
could not. Due to a smaller X value associated with the styrene/methyl methacrylate 
system and the compositions of the multiblock copolymers used in this study (volume 
fractions are approximately 2: 1), S/MMA multiblock copolymers will not form similar 
lamellae morphology. In fact, these multiblock copolymers have not exhibited 
microphase separation upon annealing for two hours as determined by SEM analysis. 
Thin films of the multiblock copolymers were spuncoat onto silicon wafers, and then 
annealed at 150 °C for two hours. After annealing, ruthenium oxide was used to stain the 
styrene sections of the multi block copolymers, which leads to a "darkened" PS phase. 
SEM micrographs of S-M-S(50), M-S-M(50), M-S-M-S-M(30), S-M-S-M-S(30), S-M-S­
M-S-M-S(21), and M-S-M-S-M-S-M(21) were taken by a Hitachi S3500 SEM and found 
not to reveal microphase separation. Apparently, the styrene/methyl methacrylate 
multiblock copolymers strengthen the copolymer layer by a different process than the 
"bridging" of adjacent mesophases by the PS/PVP triblock as proposed by Kramer. 
Regardless of what happens within the discrete copolymer layer, both PS/PVP and 
PS/PMMA multiblock copolymer chains are believed to cross the interface multiple 
times and entangle with the polymer on both sides of the interface, which strengthens the 
interface. 
A comparison of the ADCB results in Figure 4.5 to the copolymer alignment 
illustrations in Figures 4.1 reveals some interesting trends. The diblock copolymer, with 
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one interface crossing per chain, has an interfacial fracture toughness value of 
approximately 40 J/m2 in the saturated region. As the number of blocks is increased to 
three, the triblocks exhibit Ge ' s  close to 50 J/m2• Thus, an increase in interfacial adhesion 
is observed with an increase in the number of potential interface crossings. This 
occurrence is repeated when the number of blocks and interfacial crossing is further 
increased for the pentablock copolymer, which displays a fracture toughness of around 60 
J/m2 . Pen tab locks demonstrate the highest measured interfacial fracture toughness and 
thus are the most effective compatibilizer used in this study. However, a further increase 
in the number of blocks to seven results in a decrease in interfacial fracture toughness 
relative to the pentablock as the Ge's  for heptablocks in the saturated region are found to 
be approximately 35 J/m2 . The random copolymer proves to be the least effective 
compatibilizer with a fracture toughness of 30 J/m2 . Table 4.4 summarizes these results. 
Therefore, for the copolymers with similar molecular weights, the final order in the 
saturated region is pentablock > triblock > diblock > heptablock > random with the most 
effective interfacial modifier listed first. 
One surprising outcome is that the heptablocks are the least effective 
compatibilizer of the multiblock copolymers even though they have the greatest number 
of blocks and, thus presumably, interface crossings. Hlavata and Horak studied blends of 
styrene and polypropylene compatibilized with styrene and butadiene multiblock 
copolymers. 28•29 Similar to these results, their data revealed that heptablocks were less 
effective than triblock or pentablock copolymers at compatibilizing polymer blends. 
However, they attributed their result to higher molecular weights of the heptablocks, 
which inhibited transport to the interface rather than due to the copolymer architecture. 
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Table 4.4: Summary of fracture toughness of saturated interfaces. 
Copolymer # of Blocks Block MW Ge (sat'd) 
Pentablock 5 30,000 ~ 60 J/m2 
Triblock 3 50,000 ~ 50 J/m2 
Diblock 2 100,000 ~ 40 J/m2 
Heptablock 7 2 1 ,000 ~ 35 J/m2 
Random NA NA ~ 30 J/m2 
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Since this system places the copolymer directly at the interface and has no copolymer 
transport, it is difficult to directly compare the two results. A possible explanation for 
these results may be a result of the lower block molecular weight of the heptablocks used 
in this study. As can be seen in Table 4.4, each block of the heptablock is approximately 
21 ,000, which may not be long enough to effectively anchor into the homopolymer 
phases and reinforce the interface. 
This phenomena of a "critical block length" for entanglement of the blocks within 
a compatibilizer with the homopolymers is similar to the critical entanglement molecular 
weight of a homopolymer as the critical entanglement molecular weight of a 
homopolymer is defined as the molecular weight above which entanglements affect the 
dynamics and flow properties of a polymer. Interestingly, the critical entanglement 
molecular weights for PS and PMMA are 3 1 ,000 and 27,500 g/mole, respectively6 and 
therefore, the critical block length of the PS/PMMA multiblocks is in the vicinity of the 
critical entanglement molecular weight of the homopolymers. Unfortunately, an exact 
'critical block length' can not be definitively identified from these studies, however, the 
data suggest that it is between 30,000 and 21 ,000. One final interesting note is that the 
surfac.es that are modified with the heptablock copolymers give similar results (curves 
and fracture toughness values) to those of the random copolymer. This would seem to 
indicate that both copolymers modify the interface in a similar manner, and further 
support the concept that the heptablock copolymer interacts with the homopolymer 
phases in a different way than the other multiblock copolymers. 
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Effect of Block Molecular Weight. To further investigate the effect of block 
length on the compatibilization of phase separated blends by multiblock copolymers, the 
ability of triblock copolymers to strengthen the biphasic interface as a function of block 
lengths was also investigated. The ADCB results from MMA-centered triblocks with 
three molecular weights are given in Figure 4.6. S-M-S(30) triblock has block lengths of 
30,000 while the S-M-S(21 )  triblock has 2 1 ,000 block molecular weights and both are 
compared to the triblock with 50,000 block molecular weight, S-M-S(50), presented 
earlier. It is interesting that the S-M-S(2 1 )  triblock curve and fracture toughness values 
are more similar to the heptablock (S-M-S-M-S-M-S(2 1)) than the other triblocks [S-M­
S(50) and S-M-S(30)] , which show a plateau from 35 to 65 nm and dramatic increase in 
Ge when the copolymer layer increases for 65 nm to 100 nm. Figure 4.7 provides further 
evidence of the importance of block length as it compares the interfacial strengths of 
interfaces that are modified by the methyl methacrylate centered pentablock copolymers 
M-S-M-S-M(30) and M-S-M-S-M(21) .  Again, for these compatibilizers, the multiblock 
copolymer with block molecular weights that are below 30,000 exhibit a Ge vs. thickness 
curve that resembles those found for the heptablock and random copolymer. This 
resemblance is exemplified in Figure 4.8, which shows the Ge of the surfaces that are 
modified with the triblock, pentablock, and heptablock copolymers with block lengths of 
approximately 21 ,000 as well as that of the interface compatibilized with the random 
copolymer. Each of these curves shows a steady increase in fracture toughness as the 
copolymer layer thickness increases up to about 100 nm where it saturates to a constant 
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Figure 4.6: Fracture toughness, Ge, of PS/PMMA interfaces reinforced with triblock 
copolymers with varying block lengths [S-M-S(50), S-M-S(30), and S-M­
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Figure 4.7: Fracture toughness, Ge, of PS/PMMA interfaces reinforced with 
pentablock copolymers with varying block lengths [M-S-M-S-M(30), and 
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Figure 4.8: Fracture toughness, Ge, of PS/PMMA interfaces reinforced with 
multiblock copolymers with 21 ,000 block lengths [S-M-S(21 ), M-S-M-S­
M(21 ), and S-M-S-M-S-M-S(21 )] and poly(styreneo.1-ran-methy 
methacrylateo.3) plotted as a function of copolymer layer thickness. 
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This similarity between various copolymer structures provides further evidence 
that a critical parameter in determining the ability of a copolymer to compatibilize a 
biphasic interface is the block molecular weight. In the results presented here, the 
copolymers that have block lengths 30,000 or larger are the most effective interfacial 
strengtheners, suggesting this molecular weight is an upper limit to the "critical block 
length" for effective entanglement of the blocks with the homopolymer phase. For 
multiblock copolymers with blocks whose molecular weights are at least 30,000, there is 
at least a doubling (and often a tripling) in the fracture toughness of the interface as the 
copolymer thickness goes from 65 nm to 100 nm and the interface is saturated. For 
multiblock copolymers with blocks whose molecular weights are below this threshold 
value, the increase with thickness is significantly more modest. 
To further emphasize the effect of the block length on the ability of copolymers to 
strengthen interfaces, the interfacial fracture toughness values of the saturated interface 
are plotted in Figure 4.9 as a function of the number of blocks in the multi block 
copolymer. As can be seen in this plot, multiblock copolymers with block molecular 
weights of 30,000 have a greater increase in fracture toughness with increasing number of 
blocks compared to those with blocks of 21 ,000. The slope of the curve for multiblocks 
with 30,000 block molecular weights is much steeper than that of the 21 ,000 block 
molecular weight multiblocks resulting in a greater increase in interfacial strength with 
increasing number of blocks. 
A similar type of analysis can be used to provide emphasis on the effect of 
copolymer architecture. In Figure 4. 10, the interfacial fracture toughness values of the 
saturated interface are plotted as a function of the block molecular weight for pentablock 
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Figure 4.9: Plot of fracture toughness values from saturated region as function of the 
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Figure 4.10: Plot of fracture toughness values from saturated region as function of the 
block molecular weight for multiblock copolymers with pentablock and 
triblock architectures. 
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and triblock copolymers. Increasing the block molecular weight of the pentablocks gives 
a greater increase in Ge than that obtained with triblock copolymers. Copolymers with a 
pentablock structure demonstrate a greater ability to strengthen an interface than triblock 
architecture as a function of block molecular weight. The interplay between copolymer 
architecture and block molecular weight is further shown in Figure 4.11 which shows the 
Ge vs. copolymer thickness for the multiblocks with 30,000 block molecular weight, S­
M-S(30) and M-S-M-S-M(30). As expected, increasing the number of blocks also 
increases the molecular weight, which, in tum, increases the interf acial fracture 
toughness. However, the influence of the copolymer architecture is also apparent. In 
Figure 4.11, a large increase in the interfacial adhesion going from triblock to pentablock 
copolymer is observed, unlike the data shown in Figure 4.8 where this increase is slight. 
These results further confirm that block molecular weights must be above a minimum 
value to effectively anchor in the homopolymer phases and strengthen the interface. For 
the styrene and methyl methacrylate system, multiblock copolymers with block 
molecular weights greater than 21,000 are required to obtain the strongest interfacial 
adhesions in polymer blends, while blocks that are at least 30,000 molecular weight 
appear to sufficiently anchor into the homopolymer phases to provide optimum 
interfacial modification. 
Triblock Plateau. In some of the triblock copolymers, a plateau phenomenon was 
observed from 35 to 65 nm. In other words, no increase in interf acial fracture toughness 
was observed with increasing copolymer thickness. Kramer et al. reported similar 
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Figure 4.1 1 :  Fracture toughness, Ge, of PS/PMMA interfaces reinforced with 
multiblock copolymers with 30,000 block lengths [S-M-S(30) and M-S­
M-S-M(30)] plotted as a function of copolymer layer thickness and areal 
chain density, L. 
127 
although no explanation for this phenomenon was offered. 1 1  From Figure 4.6, the S-M­
S(50) and S-M-S(30) exhibits the same plateau appearance in the 35 to 65 nm region. 
However, the S-M-S(21) triblock does not display this same phenomenon. It is believed . 
this event occurs due to the amount of copolymer and packing of copolymer molecules at 
the interface and the transition from lightly packed to completely covered, which was 
estimated earlier to occur around 60 nm. A-B-A triblock copolymers have been shown to 
form staples or hairpins at the interface. 1 1 • 1 2  However, as the copolymer layer becomes 
thicker, more copolymer molecules are present and not all of the molecules are able to 
form staples at the interface. Figure 4. 12  illustrates this point. In Figure 4. 12a, S-M-S 
triblocks are observed in the staple configuration with the PMMA loops in the PMMA 
phase and both PS tails in the PS homopolymer phase. As the copolymer thickness is 
increased and thus the areal chain density, more triblock copolymer molecules are present 
at the interface with two of the triblocks having only one PS tail in the PS phase (tail 
structure) as exhibited by two of the triblock copolymer chains in Figure 4. 12b. In Figure 
4. 12a, there are 3 triblock molecules with 6 junctions across the interface, while Figure 
4. 12b shows 4 triblock molecules with still 6 interface crossings. Even though more 
copolymer molecules are present at the interface the same number of interface crossings 
are present, which may explain the plateau from 35 to 65 nm. 
The smaller block length and overall molecular weight of S-M-S(21)  triblock 
prevents it from demonstrating this plateau region. One explanation maybe that shorter 
blocks form tail structures as opposed to staple structures much more readily and at lower 
areal chain densities than triblocks with larger block lengths. By combining the self­
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Figure 4.12: Illustration of possible triblock packing at an (a) unsaturated interface and 
(b) saturated interface. 
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and the transition areal chain densities, Kramer et al. reported that PVP-PS-PVP triblock 
with short PVP blocks had ~ 60% chains in tail structures and ~ 40% in staple 
conformations before saturation at the interface. 11 The result of triblocks with short 
blocks forming tail structures makes sense as shorter blocks have less quantity of 
monomers present and are more likely to be in the wrong phase than triblocks with longer 
blocks. Since triblocks with short block lengths would already have some chains in tail 
structures, then there would be no transition from staple to tail structures as proposed in 
Figure 4. 12  and no observed plateau. 
4.4 
Conclusions 
It has been demonstrated that copolymer architecture plays a crucial role in the 
ability of a copolymer to improve the interfacial adhesion in polymer blends. Optimum 
strengthening was observed with maximum number of blocks that are longer than a 
critical block length, similar to the critical entanglement molecular weights of the parent 
homopolymers. S-M-S-M-S(30) and M-S-M-S-M(30) pentablock copolymers gave the 
highest interfacial fracture toughness,  followed by S-M-S(50) and M-S-M(50) triblocks. 
Strengthening of the PS/PMMA interfaces by these multiblock copolymers was attributed 
to multiple interface crossings. Failure of the heptablock copolymers to give relatively 
strong interfaces was ascribed to the block lengths of these structures that are insufficient 
to entangle with and anchor in the homopolymer. Unlike data using random copolymers 
as interfacial modifiers, dependence of the fracture toughness on the copolymer 
composition was not observed for the multiblock copolymers studied. Styrene-centered 
130 
and methyl methacrylate-centered multiblock copolymers of each type (triblock, 
pentablock, or heptablock) demonstrated similar results. 
Besides architecture, block length in multiblock copolymers also played a pivotal 
role during interfacial modification. Increasing lengths of blocks in multiblock 
copolymers increased interfacial adhesion. In addition, it was found that molecular 
weights of the blocks must be long enough to obtain significant anchoring in the 
homopolymers. Blocks of 21,000 g/mole were not sufficiently long enough to 
accomplish this feat; however, blocks of 30,000 appeared to be adequate. 1 14 
1 3 1  
CHAPTER S 
Compatibilization of Poly(Vinyl Chloride) and Polyolefin Elastomer Blends with 
Multiblock/Blocky Chlorinated Polyethylenes: Industrial Example 
Chapter 5 describes a project evaluating the ability of commercial multiblock 
copolymers to compatibilize poly(vinyl chloride) and polyolefin elastomer blends. A 
series of blocky distributed chlorinated polyethylenes with varying composition (% 
chlorine) and molecular weight (melt index) were evaluated as compatibilizers of 
PVC/POE interfaces to determine the optimum composition and molecular weight. The 
blocky chlorinated polyethylenes were also compared to one randomly distributed 
chlorinated polyethylene to determine the effect of copolymer architecture. In addition, 
an attempt was made to determine the mechanism by which the blocky chlorinated 
polyethylenes strengthen the interface. 
5.1 
Introduction 
Poly(vinyl chloride) (PVC) is a material with many very good physical properties 
and low cost. However, PVC has low impact resistance (brittle) and is difficult to 
process. In order to overcome these drawbacks, PVC has been blended with polyolefin 
elastomers (POE). 1 1 5-1 19 These polymers are immiscible with one another, and thus the 
resultant materials are not optimal. The polar nature of the PVC and nonpolar character 
of polyolefins require that blends of this type be compatibilized in order to obtain a 
material that combines the strength of PVC with the impact resistance of POE. 1 19 
Chlorinated polyethylenes (CPE's) have been used as a third component additive to 
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compatibilize blends of PVC with many polyolefins. Ethylene/propylene/diene 
terpolymer, 1 15 high density polyethylene, 1 16 low density polyethylene, 1 16 and linear low 
density polyethylene 1 17· 1 1 8 have been blended with PVC and compatibilized with 
chlorinated polyethylenes. Chlorinated polyethylenes are prepared by replacing 
hydrogen atoms on polyethylene with chlorine atoms, which results in a copolymer 
composed of methylene (CH2), vinyl chloride (CHCl), and vinylidene chloride (CCh) 
segments. The presence of chlorinated polyethylene in these blends resulted in improved 
impact resistance, tensile properties, and phase morphology relative to the 
uncompatibilized blends. 1 15- 1 1 8 Each of the chlorinated polyethylenes used in these 
studies was synthesized by randomly chlorinating the polyethylene backbone, resulting in 
a random copolymer. Other types of copolymer structures, such as block, multiblock, or 
graft copolymers, may be more useful in the compatibilization of PVC and 
1 1 fi 1 1 , 14-16,19-20 po yo e ms. 
Multiblock copolymers of polyethylene and chlorinated polyethylene (bCPE) can 
be prepared by the suspension chlorination of polyethylene below the melt temperature 
by a procedure given in the literature. 1 19- 12 1 This suspension chlorination method 
chlorinates only the amorphous sections of the polyethylene and retains the crystalline 
polyethylene sections. The result is chlorinated polyethylenes that are highly blocky 
substituted or multiblock copolymers composed of blocks of amorphous chlorinated 
polyethylene sections, which can interact with PVC, and crystalline polyethylene blocks, 
which can interact with POE. The unchlorinated polyethylene segments are still able to 
crystallize. When poly(ethylene-chlorinated ethylene) multiblock copolymers were 
added to blends of PVC and POE, these blends have demonstrated improved impact 
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resistance over blends without compatibilizer present. 1 22 On the other hand, solution 
chlorination techniques of polyethylene chlorinate both the crystalline and amorphous 
sections of the polyethylene to result in randomly chlorinated polyethylene (rCPE) and 
low crystallinity. 
Therefore, this study presents work to further understand the extent to which the 
added multiblock copolymer strengthens the PVC/POE interface. The ability of 
multiblock or blocky distributed chlorinated polyethylenes (bCPE's) to compatibilize the 
PVC/POE interface will be quantified and compared to that of a randomly distributed 
chlorinated polyethylene (rCPE). Additionally, the dependence of molecular weight and 
chlorine content of the bCPE (composition) will be evaluated to ascertain the influence of 
these parameters on the compatibilization process. The PVC/CPE interface and 
POE/CPE interface are also evaluated to provide further evidence regarding the 
importance of these individual interfaces on the behavior of the compatibilized PVC/POE 
blend. Finally, differential scanning calorimetry and X-ray diffraction are used to 
document the influence of co-crystallization between the POE and bCPE's on the 
compatibilization of PVC/POE interfaces. 
5.2 
Experimental 
Materials. Poly(vinyl chloride) (PVC) resin with an inherent viscosity of 0.92 
(ASTM D 1243) was provided by BF Goodrich Performance Materials. A methyltin 
stabilizer [Mark 1900 stabilizer, methyl(thioglycolacto) tin(IV), Witco chemical] was 
used with the PVC resin to prevent thermal degradation during melt processing. The 
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polyolefin elastomer (POE), flexomer DFDB 1088, used in this study was obtained from 
Union Carbide. This elastomer was a poly(ethylene-co-butene) copolymer, composed of 
85 wt% ethylene co-monomer. Tyrin 361 5P was obtained from Dow Chemical, and used 
as the randomly chlorinated polyethylene compatibilizer (r0.3-36). BF Goodrich also 
provided all of the blocky chlorinated polyethylenes. These bCPE's were prepared by a 
suspension chlorination process of high density polyethylene by a patented process. 1 19 
NMR, 1 20· 1 22 DSC, 1 19· 1 2 1  and X-ray diffraction 1 23- 1 26 techniques were used to 
characterize bCPE structure and confirm retention of blockiness. Figure 5 . 1 shows 
typical 1 3C NMR spectra of bCPE' s. Specifically, the spectra of the 15% chlorinated 
polyethylene (b0.3- 15) and the 30% chlorinated polyethylene (b0.3-30) are given in 
Figure 5 . l a  and 5 . lb, respectively. These spectra were provided by BF Goodrich and 
were obtained by dissolving the bCPE's in 90/10  trichlorobenzene/benzene-ck; and 
accumulating data at 1 10 °C overnight. 1 19 The large peak around 30 ppm corresponds to 
polyethylene (CH2) segments (00000 pentad), while the CHCl segments have peaks 
around 60 ppm and CCh segments have peaks around 95 ppm. 1 22 In both the 15% and 
30% chlorinated polyethylenes spectra, the CH2 peak at 30 ppm is the largest peak 
present indicating that a large amount of polyethylene segments is retained after 
chlorination in the blocky chlorinated polyethylene structures . As the chlorination is 
increased from 15% to 30% chlorine, the CHCI and CCh peaks increase in intensity, yet 
the CH2 peak remains large. 
DSC results also provide evidence of retention of blockiness. DSC analysis was 
completed using a Mettler DSC 821 instrument. DSC samples were heated from 35 °C to 
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Figure 5.1 :  13C NMR spectra of (a) b0.3- 15  and (b) b0.3-30. 
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following the return to room temperature, samples were again heated from 35 °C to 200 
°C at 10 °C/min, and thermograms, shown in Figure 5 .2, were obtained of the high 
density polyethylene (HDPE, starting material for bCPE' s) and bCPE's. The bCPE' s 
reveal melting peaks indicating crystallinity is retained and increasing chlorine content 
gives lower melting peak areas . From the DSC data, the enthalpy of fusion, percent 
crystallinity, corrected enthalpy of fusion, and residual polyethylene crystallinity were 
found for HDPE, bCPE's, and rCPE, which are summarized in Table 5 . 1 .  The enthalpy 
of fusion, LiH, was found by dividing the peak area from the thermogram by the mass of 
the sample as shown in equation 5. 1 .  
LiH = peak area (J) / sample mass (g) (5. 1 )  
Percent crystallinity was found, as shown in equation 5.2, by dividing the measured 
enthalpy of fusion by the enthalpy of fusion of a pure or 100% crystalline polyethylene, 
290 Jig, and multiplying by 100%. 1 1 9 
% crystallinity = LiHmeasured / allpure X 100% (5.2) 
As seen in Table 5 . 1 ,  the % crystallinity decreases as the chlorination increases; yet, 
bCPE's retain a significant portion of crystallinity (26 -47%). The randomly chlorinated 
polyethylene reveals very little crystallinity remaining (0.2%) after chlorination. 
Crystalline regions form when uninterrupted polyethylene sections are able to 
pack and form crystallites, which results in a melting peak in the DSC thermogram. In 
randomly chlorinated polyethylene, chlorine atoms are distributed randomly along the 
entire polymer chain. The presence of these chlorine atoms disrupts the ability of the 
polyethylene sections to pack into crystalline regions; therefore, very little crystallinity 
remains with random CPE. On the other hand, blocky chlorinated polyethylenes have 
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Table 5.1: DSC data for HOPE, bCPE's, and rCPE. 
Enthalpy of % Crystallinity �H (J/g of PE) Residual 
Fusion (�Hpure PE crystal =290 ( corrected for polyethylene 
�H (Jig) J/g) weight of Cl) crystallinity 
178.2 61 .4% -- --
136.9 47.2% 161 . 1  90.4% 
124.6 43.0% 155.8 87.4% 
106.9 36.9% 152.7 85.7% 
94.9 32.7% 148.3 83.2% 
75.2 25.9% 144.6 81.2% 
0.5 0.2% 1.0 0.6% 
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chlorinated polyethylene sections that are confined to a certain region or block. The 
unchlorinated polyethylene blocks have no chlorine atoms present, which could break up 
the crystallinity; thus, these blocks are able to pack and form crystalline regions. The 
enthalpies of fusion in the bCPE' s were corrected to account for the weight of chlorine 
using equation 5.3 to determine the enthalpy of fusion per gram of polyethylene. 
AHcorrected = dHmeasured / [(% of polyethylene present)/100] (5.3) 
For example, the b0.3-15 had a dlimeasured = 136.9 Jig and dividing this value by .85 (85% 
polyethylene/15% chlorine present) gave a corrected enthalpy value of 161.1 J/g of PE. 
The residual polyethylene crystallinity is found by dividing the corrected enthalpy values 
by the enthalpy of the starting polyethylene before chlorination (dB = 178.2 J/g) and 
multiplying by 100% (equation 5.4). 
Residual polyethylene crystallinity = AHcorrected / dHHoPE x 100% (5.4) 
The bCPE' s have residual polyethylene crystallinity ranging from 81 to 90% indicating 
that the majority of the original polyethylene crystallinity is retained in the bCPE's and 
only the amorphous sections were chlorinated. These results indicate that blocks of 
crystalline polyethylene sections and amorphous blocks of chlorinated polyethylene 
sections are present in the bCPE's. Crystallinity in the bCPE's was also confirmed by X­
ray diffraction; details of these experiments are given later in the co-crystallization 
section. 
Chlorination of the bCPE's was varied from 15% chlorine to 48% chlorine, which 
represents the weight percentage of chlorine in the chlorinated polyethylenes, and was 
determined by 1 3C NMR peak integration. Molecular weight of the PVC was determined 
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by size exclusion chromatography (SEC) using tetrahydrofuran mobile phase at 40 °C 
with polystyrene standards. SEC of the other materials was found by using a 90/ 10 
trichlorobenzene/benzene alcohol solution as the mobile phase at 150 °C with 
polystyrene standards. Molecular weight information and other details concerning the 
materials are presented in Table 5.2. In the Symbols column, the initial lower case letter 
designates b for blocky or r for random. In this symbol, the first set of numbers indicates 
the melt index for each polymer and the second set of numbers indicates the % chlorine 
in the polymer. The same designation is given in Table 5 .3 ,  which is a list of the ten 
chlorinated polyethylenes used in this study. For molecular weight comparisons, the 
composition is fixed at 30% chlorine and molecular weight (melt index) varies. 
Similarly, to determine composition effects, the melt index is fixed at 0.3 g/ 10 min and 
chlorine content varies. 
Determination of lnteifacial Strength. To quantify the ability of the CPE' s to 
compatibilize the PVC/POE interface, two techniques were used, asymmetric double 
cantilever beam test (ADCB) and ASTM peel tests. ADCB measures the interfacial 
fracture toughness (Ge) of a crack propagating at the interface primarily when the 
materials studied are glassy as described in Section 2.2. 39 Due to the rubbery nature of 
POE, peel tests may be more appropriate in determining interfacial strength between 
these two materials as described in Section 2.3.39•62
-64 
ADCB Trilayer Sample Preparation. Stabilized PVC was melt pressed at 200 °C 
into films. A thin layer ( ~ 50 nm thick) of each compatibilizer (CPE) was then spun coat 
onto the PVC surface from a 1 .4 wt % CPE solution in xylene at 2500 rpm for 30 
seconds. The PVC/CPE samples were cut into strips with dimensions of 1 cm x 6.5 cm x 
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Table 5.2: Molecular weight, melt index, chlorination, and Young's modulus of the 
materials studied in Chapter 5. 
Melt Index 
Young's 
Symbol Mw Mn Mw/Mn 
(g/10 min) 
% Cl Modulus 
(MPa) 
PVC 133,000 79,800 1.7 ** ** 1808.0 
POE 392,000 57,000 6.9 0.1 0% 31.0 
r0.3-36 280,000 38,000 7.4 0.3 36% 3.4 
b0.3-30 207,000 32,900 6.3 0.3 30% 569.4 
b8.5-30 135,000 28,000 4.8 8 .5 30% ** 
bl8-30 128,000 16,000 8.0 18 30% ** 
b30-30 92,000 22,000 4.1 30 30% ** 
b0.3-15 207,000 32,900 6.3 0.3 15% 258.0 
b0.3-20 207,000 32,900 6.3 0.3 20% 408.3 
b0.3-36 207,000 32,900 6.3 0.3 36% 683.5 
b0.3-48 207,000 32,900 6.3 0.3 48% 885.8 
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0.23 cm. POE was melt pressed at 1 50 °C into slabs which were cut into strips measuring 
1cm x 6.5 cm x .46 cm. A POE strip was placed on top of the CPE layer and the trilayer 
samples (PVC/CPE/POE) were joined at an annealing temperature of 200 °C for 1 5  
minutes under approximately 10 lbs. of pressure. 
ADCB PVC/CPE Bilayer Sample Preparation. Chlorinated polyethylenes were 
compression molded at 1 50 °C and cut into strips with dimensions of 1cm x 6.5 cm x 
0.25 cm. The CPE strips were placed onto PVC strips and the bilayer samples 
(PVC/CPE) were joined at the same annealing parameters used for the other ADCB 
samples. 
Fracture Toughness Measurement. Interfacial fracture toughness, Ge, was 
measured by the asymmetric double cantilever beam (ADCB) test as described in section 
2.2. A razor blade was inserted at the interface and driven in at a speed of 0.20 mm/min. 
Pictures were taken every minute using a video camera directly over the sample, and 
crack lengths were measured from the razor blade to the crack tips. As the blade was 
being inserted and the crack was propagating, approximately 15-25 measurements of the 
crack length were made for each sample. The value found for the crack length was then 
inserted into equation 2.4 and the fracture toughness, Ge, was calculated. Young's moduli 
of the homopolymers were found by tensile testing (ASTM D 1708)1 27 and given in Table 
5.2. For each copolymer sample, 7-12  samples were tested. 
In the asymmetric double cantilever beam test, the loading geometry (sample size) 
can have a significant impact on the crack propagation, and thus on the measured 
interfacial fracture toughness, Ge. Xia et al. ,44 Sikka et al. ,45 and Brown et al.46 have 
demonstrated the importance of loading geometry on the ADCB test by varying the 
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thickness ratios of each homopolymer beam. They found a minimum Ge where the crack 
remained at the interface and did not deviate into either homopolymer. A similar analysis 
was attempted for the PVC/POE system, as the fracture toughness was determined as a 
function of thickness ratios (hrowhPvc = 1 .0, 1 .5 ,  and 2.0) for samples compatibilized 
with r0.3-36. As seen in Figure 5 .3 ,  increasing thickness ratios resulted in decreasing 
fracture toughness. Without modification of the ADCB sample holder, larger thickness 
ratios could not be obtained. Therefore, the ADCB test used in this study were 
completed using a thickness ratio of 2.0. While this may not be the optimal geometry to 
provide the absolute minimum fracture toughness, it was the accessible geometry that 
provided the minimum Ge . However, this does not influence the comparisons and 
correlations presented below. 
Peel Test Sample Preparation. Trilayer peel test samples were prepared similarly 
to the ADCB samples in order to measure the interfacial adhesion between two materials 
(bilayer geometry) or a compatibilized interface (trilayer geometry) between two 
materials. Again, a thin layer ( ~ 50 nm thick) of each compatibilizer (CPE) was spun 
coat onto the PVC strip surface for trilayer samples. Spun coat samples were cut into 
strips of the same dimensions as the ADCB PVC/CPE sample. POE was then melt 
pressed into strips measuring 1cm x 6.5 cm x 0.25 cm. Trilayer samples 
(PVC/CPE/POE) were annealed at the same parameters used during the ADCB sample 
preparation. Bilayer samples were prepared in a similar manner. For POE/CPE bilayers, 
CPE had dimensions of 1 cm x 6.5 cm x 0.23 cm and dimensions of 1 cm x 6.5 cm x 0.25 
cm were used for the POE layer. PVC/bCPE bilayers were not tested by peel testing due 
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Figure 5.3: Plot of fracture toughness of interfaces compatibilized with r0.3-36 as a 
function of thickness ratios. 
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to the stiffness of the bCPE's, but the PVC/rCPE bilayer could be evaluated by peel 
testing. 
Peel Test. Samples were peeled with an Instron Model 1122 automated materials 
tester and evaluated using Instron series IX version 7 .27 .00 software. The crosshead 
speed was set at a rate of 10 mm/min. This analysis was based on ASTM' s D 1876-95 
(T-peel) 1 28 and D 903-93 (U-peel), 1 29 with exception to sample size. An illustration of 
this type of test can be seen in Figure 2.3. Each sample was T-peeled back approximately 
1/2 of the sample length then the remaining sample underwent the U-peel test. Within 
error, there was no observable difference in the amount of force required to peel the 
samples either by the T-peel or U-peel method. Peel forces were measured via a 200-lb. 
load cell and 10-12 samples were analyzed for each compatibilized blend . The interfacial 
adhesion, Ga, is the work required to separate adhered layers by peeling them apart. It is 
calculated by dividing the force required to peel the sample per thickness of the sample 
given in equation 2.5.63 
Cocrystallization Samples. In order to study co-crystallization that may occur in 
the compatibilized blends, blends containing the POE and each type of bCPE were 
.prepared. Equal weight amounts of bCPE and POE were dissolved in toluene followed 
by subsequent precipitation into methanol. These 50:50 solution cast blends were then 
dried in a vacuum oven at 75 °C overnight and evaluated by the following methods . 
Differential Scanning Calorimetry. Blends, bCPE' s, and POE DSC samples were 
all heated to 200 °C at 10 °C/min. Samples were cooled to 95 °C and annealed at this 
temperature for 16 days. After the 16-day annealing period elapsed, samples were 
allowed to cool to room temperature. Annealing at 95 °C was needed to help distinguish 
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between POE and bCPE melting peaks, due to their proximity. Using a Mettler DSC 
82le (calibrated with indium), samples were heated from 35 °C to 200 °C at 10 °C/min to 
obtain DSC curves. Blends composed of bCPE physically separated from POE were also 
prepared . POE and bCPE's were each wrapped in aluminum foil and then placed into the 
DSC pan and thermograms were obtained. 
X-ray Diffraction. X-ray diffraction patterns of the bCPE's, POE, and solution 
cast blends were taken at room temperature by Philips X'pert MRD X-ray 
Diffractometer. 50:50 solution cast blends, bCPE's, and POE were all heated to 200 °C 
and then cooled to 95 °C for 16 days. After the 16-day annealing period elapsed, samples 
were allowed to cool to room temperature . Diffraction scans were collected between 28 
values of 5° and 35° at a scan rate of 1 °/min with a 0.02° resolution. X-rays were 
obtained from Ni-filtered Cu Ka radiation with the wavelength equal to 1.54 A. 
Distances between parallel crystallographic planes, called interplanar distances, dhkh were 
determined by the Bragg law, equation 5.5. 1 23• 1 24 The relationship in equation 5.6 was 
utilized to determine the interchain distances in the crystalline polymers. 1 25 The Scherer 
formula, given as equation 5.7, was used to determine the crystallite size. 1 23• 1 25• 1 26 
dhkl = A I 2 sin 8 
Interchain distance = 5 A I 8 sin 8 




In equations 5.5 - 5.7, 8 is the Bragg angle (given as degrees but calculations are done in 
radians), A is the wavelength of the X-ray radiation (A = 1.54 A), K is a constant called 
the shape factor value (K = 0.9), and W 112 is the width at half the maximum height of the 
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Trilayer Samples (PVC/CPEIPOE). Samples with no copolymer at the interface 
(bare PVC/POE interface) exhibit very weak interfaces as determined by ADCB. 
Interfacial fracture toughness of the bare sample is equal to 1 . 8 J/m2 • The presence of 
chlorinated polyethylenes, to result in trilayer samples, gives much stronger interfaces. 
In fact, the blocky chlorinated polyethylenes produce interfaces that are too strong to be 
tested by ADCB methods.  Resulting crack lengths are less than 1 mm, which is below 
the resolution of this test. Crack lengths less than 1 mm long correlate to Ge' s  greater 
than 1000 J/m2, thus this value provides a lower limit of the interfacial fracture toughness 
of the PVC/POE interface that is compatibilized by the blocky CPE' s. For the random 
copolymer, r0.3-36, the interfacial strength is low enough to be determined by ADCB 
methods. The interface that was compatibilized with the randomly chlorinated 
polyethylene, r0.3-36, gave a Ge equal to 160 J/m2, as determined by ADCB. 
Unfortunately, ADCB cannot be used to quantitatively compare the ability of bCPE's and 
rCPE as interfacial modifiers; however, the data qualitatively demonstrates that the 
blocky chlorinated polyethylenes produced much stronger interfaces than random 
chlorinated polyethylene. 
Peel test methods are used to quantitatively evaluate the ability of bCPE' s to 
strengthen the PVC/POE interface .  The effect of molecular weight on compatibilization 
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is shown in Figure 5 .4. An increase in interfacial adhesion of the interface is observed 
with increasing molecular weight for the bCPE's. It is worth emphasizing that the 
random copolymer, r0.3-36, which has the highest molecular weight studied, gives the 
lowest interfacial adhesion, with a value of 350 J/m2 • 
Figure 5.5 shows the dependence of the interfacial strength on the composition of 
the bCPE. As shown in Figure 5 .4, the interfacial adhesion of the interfaces modified by 
any bCPE is an order of magnitude stronger than that of the rCPE. The blocky 
copolymer with the highest chlorine content, b0.3-48, gave the lowest Ga of the bCPE' s. 
It is conjectured that this bCPE has too much chlorine present to interact well with the 
POE. Decreasing the percent chlorine yields an increase in Ga until reaching a maximum 
value for the 20% chlorine material, b0.3-20. When the chlorination levels decrease 
further to 1 5% chlorine, interfacial adhesion decreases. While b0.3-48 has too much 
chlorine to interact well with POE, it is surmised that the b0.3- 15  does not have enough 
chlorine to interact well with PVC. It appears that the chlorine composition of b0.3-20 
balances the interactions with PVC and POE most effectively to obtain the strongest 
interfacial adhesion of 5090 J/m2 . 
Investigation of the POE surface of the trilayer samples (PVC/CPE/POE) 
indicates two types of failure taking place: adhesive and cohesive. The cohesive type 
arises when failure occurs within one of the materials being adhered. 3 In this case, it 
occurs within POE and is indicated by obvious, significant roughening of the POE 
surface upon peeling (determined by visual inspection). Cohesive failure occurs when 
interfacial adhesion is very high due to compatibilization by chlorinated polyethylene. 
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happens when failure occurs at the interface rather than within one of the materials. 3 
CPE's with lower Ga 's such as b0.3- 15 ,  b0.3-48, and r0.3-36 appear to fail by adhesive 
failure, but further experiments are needed to confirm this. 
From the trilayer peel test data, it is clearly evident that multiblock or blocky 
chlorinated polyethylenes promote adhesion between PVC and POE much more 
effectively than random chlorinated polyethylene. These results are in agreement with 
theory, which predicts that multiblock copolymers should be effective compatibilizers 
and that the copolymer structure will have a profound affect on the copolymer alignment, 
which in tum will impact the interf acial strengthening and modification by the 
copolymer. 1 4-20•23 For instance, diblock copolymers, with blocks longer than the critical 
molecular weight for entanglements, align perpendicular to the interface and entangles 
with each homopolymer phase.9• 10 •2 1 •22 Diblock copolymer chains are able to stretch deep 
into the homopolymer phases and anchor effectively; however, each diblock chain 
crosses the interface only once. Other type of structures such as random copolymers are 
believed to have multiple interface crossings (although the exact number is not known), 
but random copolymer chains do not anchor as strongly as diblock copolymer chains. 
Multiblock copolymers such as bCPE's may provide the right balance of multiple 
interface crossings and anchoring in the homopolymer phases to be effective 
compatibilizers. The multi block or blocky chlorinated polyethylenes, bCPE' s, have 
amorphous blocks of chlorinated segments that are believed to entangle with PVC and 
crystalline polyethylene blocks that can entangle and/or co-crystallize with the POE 
resulting in bCPE' s chains weaving back and forth into the PVC and POE phases. The 
phases are "stitched" together giving multiple interface crossings by the bCPE chains , 
1 53 
which may strengthen the interfacial adhesion between PVC and POE. The absence of 
long blocks by the rCPE and ineffective anchoring into PVC and POE may account for 
the observed differences in interfacial adhesion. 
Bilayer Samples (PVC/CPE and POEICPE). Interactions of chlorinated 
polyethylenes with both PVC and POE individually will provide insight into the affinity 
of the copolymers to the homopolymers and may help identify the mechanism by which 
the bCPE strengthens the PVC/POE interface; therefore, the interfacial strength of the 
PVC/CPE and POE/CPE interfaces were also investigated. ADCB is primarily used to 
evaluate the PVC/CPE bilayers and the interfacial fracture toughness, Ge , for these 
bilayers is plotted as function of the percent chlorination of the bCPE's in Figure 5 .6. 
The PVC/bCPE interfaces get stronger with increasing chlorination with maximum 
fracture toughness observed with maximum chlorination, 48%. This verifies that greater 
chlorination produces chlorinated polyethylenes that are more like PVC and thus adhere 
more strongly to the PVC. 
The strength of the PVC/rCPE interface is also evaluated by ADCB, and was 
found to be significantly stronger than the PVC/bCPE interfaces with a Ge equal to 550 
J/m2 • The random CPE is less crystalline than the bCPE's and thus is much more gave 
Ge equal to 550 J/m2 from the ADCB test and a Ga equal to 1024 J/m2 from the peel test. 
The peel test appears to measure interfacial adhesion, Ga 's, values that are approximately 
twice the fracture toughness, Ge, values found by ADCB. One contribution to this 
discrepancy is that some of the force measured during the peel test goes into pulling and 
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slightly inflated. Because of this occurrence, it is difficult to obtain an absolute measure 
of interfacial strength using peel testing. However, peel testing can be used to gain a 
relative relationship of samples prepared and tested in the same manner. The peel test is 
used to determine interfacial adhesion of the POE/CPE bilayers. Figure 5.7 presents the 
interfacial adhesion of the POE/CPE samples for both bCPE' s and rCPE. POE/bCPE 
interfaces are much stronger than that found for the PVC/bCPE interface. Similar to the 
trilayer peel data, all of the bCPE' s are an order of magnitude stronger than rCPE. For 
bCPE' s, interfacial adhesion initially increases dramatically from 48% to 36% chlorine 
and then plateaus at 30% chlorine to give an interfacial adhesion around 4500 J/m2 • A 
comparison of PVC/CPE/POE trilayer and POE/CPE bilayer data is shown in Figure 5.8. 
Surprisingly, the POE/bCPE interface is essentially as strong as the compatibilized 
PVC/POE interfaces. This phenomenon implies that the compatibilized PVC/POE 
interfaces are governed by the POE/CPE interaction. Figure 5.9 presents the peel test 
results for the trilayer and bilayer samples containing rCPE. The random chlorinated 
polyethylene, r0.3-36, produces a very strong interface with PVC (1020 J/m2), but a very 
weak interface with POE (120 J/m2). The compatibilized PVC/rCPE/POE interface, 
which is a combination of the PVC/rCPE and POE/rCPE interfaces, is mid-way between 
the two, exhibiting an interfacial adhesion, Ga, equal to 350 J/m2 . Therefore, contrary to 
the bCPE interfaces, the weaker interface (POE/rCPE) significantly influences the 
strength of the compatibilized PVC/POE interface. 
Viewed another way, however, it can be stated that for either copolymer structure, 
the POE/CPE interaction appears to govern the ability of the chlorinated polyethylenes to 
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Figure 5.9: Peel test data for PVC/rCPE/POE trilayer, PVC/rCPE bilayer, and 
POE/rCPE bilayer samples. 
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interaction between the POE and CPE' s is stronger and differs from the interaction 
between the CPE and PVC. As the bCPE' s  are similar in structure to the POE, it may be 
that the POE and bCPE's co-crystallize to form stronger interactions and stronger 
interfaces. To examine this possibility, the crystallization behavior of mixtures of POE 
and the bCPE's are examined. 
Co-crystallization. Differential scanning calorimetry is used to study the co­
crystallization between bCPE's and POE. Co-crystallization between two polymers is 
associated with a single melting peak that occurs between the melting peaks of the pure 
polymers. 1 30• 1 3 1  There are a number of difficulties associated with this system that 
complicates the evaluation. First, POE and bCPE' s have very similar melting peaks, as 
can be seen by Figure 5.10, which shows the melting behavior of the POE and bCPE's. 
In order to separate the peaks, samples were melted and then annealed at 95 °C for 16 
days. The dotted lines in Figure 5.10 show the melting behavior of the unannealed 
samples while the solid lines designate samples that have been annealed for 16 days. As 
expected, annealing sharpens the peaks and aids in separating the melting peaks of the 
different samples. Unfortunately, i t  also results in the definition of multiple peaks of the 
different samples. For example, the POE shows a single melting peak around 114 °C 
before annealing, but reveals two peaks at 103 and 113 °C after annealing. In the bCPE, 
increasing bCPE chlorination levels give rise to new peaks around 110 °C. At lower 
chlorination, b0.3-15 and b0.3-20, the melting peak around 123 °C dominates the peak 
structure with only a slight shoulder around 112 °C. 30% and 36% chlorine bCPE's 
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Figure 5.10 : DSC curves of bCPE's annealed for 16 days and not annealed. 
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reveal two fairly equal peaks at 123 °C and 110 °C. The highest chlorine bCPE, b0.3-48, 
has a dominant peak around 108 °C and a shoulder around 117 °C. 
The melting behavior of a 50:50 blend is then compared to the DSC curves of the 
pure components, as shown in Figure 5.11 for POE and b0.3-15 system. All samples 
were annealed for 16 days at 95 °C before these thermograms were obtained. In addition, 
a DSC curve of a physically separated blend of POE and b0.3-15 is included to provide a 
reference thermogram for a blend where co-crystallization cannot occur. In Figure 5.11, 
the physically separated blend reveals three peaks, peaks at 103 °C and 113 °C that 
correspond to the POE, while the peak at 124 °C corresponds to b0.3-15. The 50:50 
POE/b0.3-15 blend reveals a peak at 121 °C and a slight shoulder around 104 °C. The 
large peak at 121 °C peak is in between the melting peaks of the pure for POE and b0.3-
15, suggesting that co-crystallization does occur in the blend of these two materials. 
Moreover, peaks found in the physically separated blend are absent for the 50:50 
POE/b0.3-15 solution blend. Similar DSC evaluations for b0.3-20, b0.3-30, b0.3-36, and 
b0.3-48, which are shown in Figures 5.12 - 5.15, demonstrate the same phenomenon, 
melting peaks in between bCPE and POE' s melting peaks and slight shoulders. Another 
example is given in Figure 5.12, which is the melting behavior of the blends containing 
POE and b0.3-30. The physically separated blend shows three peaks, the first at 103 °C 
due to POE, the second peak at 122 °C due to b0.3-30, and the large peak at 109 °C 
appears to be a combination of peaks from POE (113 °C) and b0.3-30 (110 °C). The 
50:50 POE/b0.3-30 blend reveals a peak that is lower than that of the pure b0.3-30 at 120 
°C and a shoulder around 109 °C. This combination of data, therefore, strongly suggests 
162 
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Figure 5.11 :  DSC curves of b0.3- 15 ,  POE, 50:50 POE/b0.3- 15  blend, and physically 
separated 50:50 POE/b0.3- 15  blend. 
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Figure 5.12: DSC curves of b0.3-30, POE, 50:50 POE/b0.3-30 blend, and physically 
separated 50:50 POE/b0.3-30 blend. 
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Figure 5.13: DSC curves of b0.3-20, POE, 50:50 POE/b0.3-20 blend, and physically 
separated 50:50 POE/b0.3-20 blend. 
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Figure 5.14: DSC curves of b0.3-36, POE, 50:50 POE/b0.3-36 blend, and physically 
separated 50:50 POE/b0.3-36 blend. 
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Figure 5.15: DSC curves of b0.3-48, POE, 50:50 POE/b0.3-48 blend, and physically 
separated 50:50 POE/b0.3-48 blend. 
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that the POE will co-crystallize with each of the bCPE, providing a possible mechanism 
for the strengthening of the POE/PVC interface by the blocky copolymers. 
X-ray diffraction is also used to verify the presence of co-crystallization as it is a 
commonly used technique to analyze crystalline and amorphous states in polymers.6•67 
Diffraction patterns can be analyzed to provide, among other things, information 
regarding the spacing of atoms, layers, and chains in the ordered structure of a polymer. 
Unfortunately, both POE and bCPE have similar structures that crystallize, mainly 
polyethylene segments, which may result in very similar diffraction patterns. As can be 
seen in Figure 5. 16, POE and b0.3- 15 bCPE both have very similar diffractograms. POE 
has a large 1st Bragg peak at 20 of 21.39°, while b0.3-15 reveals a similar Bragg peak at 
21.67° corresponding to the reflections along the (1 10) crystallographic planes of the 
orthorhombic crystal lattice of polyethylene. 1 26 In addition, both have smaller 2nd Bragg 
peaks at 23.7 1 ° for POE and 24.03 ° for b0.3- 15, which are due to reflection along the 
orthorhombic (200) crystallographic plane. One major difference between the two is that 
POE has a very large amorphous peak at 19.65 ° , while b0.3-15 has a much smaller 
amorphous content contribution. Even though the POE and b0.3- 15 have very similar 
diffraction patterns, the crystalline structure of the 50:50 blend of POE and b0.3-15 does 
reveal differences from that of the individual components. In comparing the X-ray 
patterns of the blend to that of the pure components, only the 1st Bragg peak results will 
be discussed, as it is much more intense than the (200) reflection. However, it should be 
noted that the 2nd Bragg peaks reveal the same trends. Location of Bragg peaks can be 
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Figure 5.16: X-ray diffraction curves of b0.3- 15, POE, and 50:50 POE/b0.3- 15 blend. 
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Comparison of the properties of the crystalline structure of the blends and the 
pure components is, therefore, used to indicate the presence of co-crystallization. The 
location of Bragg peaks, crystallite sizes, interplanar distances, and interchain distances 
for the (1 10) reflections of the POE, the bCPE's, and their blends are given in Table 5 .4. 
All blends display Bragg peaks in between that of the pure bCPE and POE, suggesting 
the formation of new co-crystallites. 1 32 The presence of peaks at 20' s for blends in 
between that of the pure components and the absence of the peaks from the individual 
polymers indicates that new spacings of atoms (crystallite structures) are obtained and old 
spacings are not retained, which suggests co-crystallization between POE and bCPE. An 
example of this is given in Figure 5 . 17,  which shows the 1st Bragg peak for the b0.3- 1 5  
samples. For this 50:50 blend, the 1st Bragg peak i s  at 21 .55° , which i s  i n  between the 
2 1 .39° of POE and 21 .67° of b0.3-15 .  Blends with other bCPE's exhibit similar 
phenomenon as documented in Table 5.4. 
Similarly, interplanar distances, interchain distances, and crystallite sizes indicate 
that co-crystallization occurs between b0.3-1 5  and POE. More specifically, the 
interplanar distance for the pure b0.3- 15 ,  d1 10, is equal to 4.096 A, while upon blending 
with POE, the interplanar distance increases to 4. 1 19 A. The interchain distance of the 
b0.3- 1 5  is 5 . 1 20 A, but migration of POE chains into the interchain space of the b0.3- 15  
leads to an increased interchain distance of 5. 148 A. The b0.3- 1 5  unit cell expands to 
accommodate the POE chains giving larger distances between chains. 1 25 For the 
crystallite size analysis,  the pure b0.3- 15 crystallite size (242 A) increases to 284 A for 
the 50:50 blend with POE. This is in contrast to the expected value of 1 82 A that would 
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Table 5.4: X-ray diffraction data calculated from for 1st Bragg peaks of bCPE' s, 
POE, and blends. 
POLYMER 1st Bragg Crystallite Interplanar Interchain 
Peak (20, 0) Size (A) distance, dhkl (A) distance (A) 
POE 21.39 121 4.149 5.186 
50:50 blend 21.55 284 4.119 5.148 
B0.3-15 21.67 242 4.096 5.120 
POE 21.39 121 4.149 5.186 
50:50 blend 21.57 231 4.115 5.144 
B0.3-20 21.67 237 4.096 5.120 
POE 21.39 121 4.149 5.186 
50:50 blend 21.59 219 4.111 5.139 
b0.3-30 21.65 229 4.100 5.125 
POE 21.39 121 4.149 5.186 
b0.3-36 21.65 217 4.100 5.125 
POE 21.39 121 4.149 5.186 
50:50 blend 21.61 203 4.107 5.134 
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Figure 5.17: 1st Bragg peak of b0.3- 15 ,  POE, and 50:50 POE/b0.3- 15 blend. 
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appear for a 50:50 mixture of separate (non co-crystallizing) POE crystallites ( 121  A) and 
b0.3- 15  crystallites (242 A). 
Therefore, each analysis of the crystalline structure of the POE/bCPE blends 
strongly indicates that co-crystallization occurs between the bCPE and POE. 1 25 Blends 
with other bCPE' s reveal similar evidence of co-crystallization by demonstrating 
increasing interplanar distances, interchain distances, and crystallite sizes not equal to the 
median values. 
There also exists other evidence that co-crystallization occurs in these blends. For 
instance, the chlorine content of the bCPE has a significant effect on the co­
crystallization with POE. This is to be expected as bCPE' s with lower chlorination levels 
retain more crystalline polyethylene blocks, which can interact with POE to a much 
greater extent. The new co-crystallite peaks of the blends give greater shifts from the 1 st 
Bragg peak of the bCPE (2 1 .67°) with bCPE' s of lower chlorination levels. For example, 
2 1 .55° , 2 1 .57° , 2 1 .59° , and 2 1 .6 1 ° are the 20 positions of POE/b0.3-15 ,  POE/b0.3-20, 
POE/b0.3-30, and POE/b0.3-48 blends, respectively. Lower chlorination levels also give 
larger crystallite sizes, interplanar distances, and interchain distances in blends. All of 
these trends indicate greater interaction and co-crystallization between POE and bCPE's 
with lower chlorine composition. 
5.4 
Conclusion 
Both ADCB and peel test experiments revealed more improvement in interfacial 
strength between poly(vinyl chloride) (PVC) and polyolefin elastomer (POE) with blocky 
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chlorinated polyethylenes (bCPE) than with random chlorinated polyethylene (rCPE). 1 39 
More specifically, addition of rCPE to the PVC/POE interface gave a measured 
interfacial adhesion that was an order of magnitude weaker than that of the interfaces 
modified by any of the bCPE's .  In the bCPE structures, it is believed that the amorphous 
blocks of chlorinated segments entangle with the PVC, while the crystalline polyethylene 
blocks are able to entangle and co-crystallize with the POE. These interactions, which 
are absent in rCPE, yield very strong adhesion between PVC and POE indicating that the 
bCPE is a very good compatibilizer for PVC and POE. Increasing molecular weight of 
the bCPE' s result in increasing interfacial adhesion. The optimum composition in the 
bCPE' s was found to be around 20% chlorine present in the bCPE. 
Investigation of the bilayers offered some insight into the affinity of the 
chlorinated polyethylenes with PVC and POE. Blocky CPE' s had very weak affinities 
with PVC, and a very strong affinity for POE. The POE/bCPE interface was essentially 
as strong as the PVC/POE interface compatibilized by bCPE' s. This implied that the 
bCPE interaction with POE governs the compatibilization of the PVC/POE interface. 
POE/rCPE interaction demonstrated similar controlling aspects over compatibilization 
when using rCPE as the compatibilizer. In rCPE bilayers, PVC/rCPE interface was very 
strong and the POE/rCPE interface was relatively weak. Random CPE molecules 
entangled with PVC very well, but due to the lack of crystallinity, they were not able to 
co-crystallize with POE effectively. 
Due to the presence of polyethylene segments in both POE and bCPE' s, it was 
difficult to prove that co-crystallization is occurring. However, both DSC and X-ray 
diffraction experiments provided evidence of co-crystallization between POE and 
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bCPE's. DSC analysis of 50:50 POE/bCPE blends revealed melting peaks that were in 
between melting peaks of the individual polymers, and melting peaks found for the 
physically separated blends were noticeably absent from the 50:50 blends. X-ray 
diffraction provide further evidence of co-crystallization. 50:50 blend samples revealed 
new Bragg peaks in between the 20 positions of the individual polymers indicating new 
atom spacings or co-crystallites present. In addition, interchain and interplanar distances 
of blends increased suggesting migration of POE into the space of the bCPE' s. Blend 
samples also demonstrated crystallite sizes that were larger than the median values 
supporting co-crystallization between bCPE and POE. 1 39 
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CHAPTER 6 
Final Conclusions and Future Work 
The main conclusions drawn from this research and possible future experiments 
are summarized in Chapter 6. 
6.1 
Final Conclusions 
Multiblock copolymers composed of styrene and methyl methacrylate monomers 
were synthesized using atom transfer radical polymerization. Triblock, pentablock, and 
heptablock copolymers composed of styrene and methyl methacrylate with varying block 
lengths were prepared by this ATRP technique. Styrene and methyl methacrylate in 
A TRP polymerizations demonstrated the ability to cross-propagate in block copolymer 
synthesis regardless of monomer sequence. This technique provided a method by which 
the sequence distribution of styrene and methyl methacrylate copolymers can be 
regulated by controlling the number and length of each block. During the synthesis of M­
S-M triblock copolymers, there was an increase in the polydispersity of the sample during 
the synthesis of the triblock due to unreacted polystyrene macroinitiator. However, 
Soxhlet extraction of M-S-M triblock copolymers was successful at removing unreacted 
polystyrene homopolymer and decreasing the polydispersity. The multiblock copolymers 
synthesized by ATRP were used in the compatibilization of polystyrene and poly(methyl 
methacrylate) homopolymers. 
Two systems were evaluated to determine the effect of copolymer architecture on 
compatibilization of polymer blends and experimentally verify that multiblock or blocky 
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copolymers improve the interfacial adhesion between two polymers better than other 
types of structures such as random copolymers. The first system studied was the styrene 
and methyl methacrylate system, which analyzed polystyrene and poly(methyl 
methacrylate) homopolymers compatibilized with styrene and methyl methacrylate 
copolymers of varying architectures by ADCB experiments. This analysis provided a 
model system for the compatibilization of polymer blends with copolymers of different 
architectures and structures where copolymer structures were well characterized (i .e. 
block lengths, composition, and molecular weight). In the second system 
(PVC/chlorinated polyethylene/polyolefin elastomer), less was known about the 
structures (mainly block lengths), but this study provided an industrial example of 
compatibilization by commercial multiblock copolymers. This industrial example 
analyzed commercial blocky chlorinated polyethylenes to compatibilize poly(vinyl 
chloride) and polyolefin elastomer blends by ADCB and peel testing. 
Both the model and industrial systems revealed that multiblock or blocky 
copolymers improved the interfacial strength better than random copolymers. 
Both types of copolymer structures are believed to have multiple interface crossings for 
each copolymer chain at an interface . However, multiblock copolymers have blocks that 
loop into the homopolymer phases when the copolymer chains weave back and forth over 
the interface (shown in Figures 1 . 1  and 1 .2). The presence of "loops" enables the 
multiblock/blocky copolymers to anchor into the homopolymer phases and strengthen the 
interface better than random copolymers. 
Multiblock or blocky copolymers improved the interfacial strength better than 
random copolymers provided the multiblock copolymer "loops" or blocks were longer 
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than a critical block length. For the styrene and methyl methacrylate model system, this 
critical block length was found to be around 30,000 g/mole, as multiblock copolymers 
with blocks at least 30,000 molecular weight were found to anchor effectively into the 
homopolymers and strengthen the interface much more effectively than random 
copolymers. On the other hand, styrene and methyl methacrylate multiblock copolymers 
with blocks shorter than this (i .e. 21,000) were found to strengthen the polystyrene and 
poly(methyl methacrylate) interfaces similar to the random copolymer. Optimum 
strengthening was found in the model system with multiblock copolymers containing the 
maximum number of blocks or "loops" that were longer than the critical block length. 
With the industrial system, the block lengths of the multiblock/blocky chlorinated 
polyethylenes were not known. However, since all of the interfaces compatibilized with 
bCPE's were significantly stronger than that of interface reinforced with the randomly 
chlorinated polyethylene, the blocks of all of the bCPE' s appear to be longer than the 
critical block length. 
6.2 
Future Work 
In order to more fully understand the compatibilization by multiblock 
copolymers, further experiments will be beneficial . One possible study would be to 
investigate linear copolymers with other novel architectures to be used as compatibilizers. 
Alternating copolymers were mentioned in Chapter 1, but were never used as interfacial 
modifiers in this research project. Similar to Chapter 4, ADCB experiments of 
polystyrene and poly(methyl methacrylate) homopolymers compatibilized with 
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poly(styrene-alt-methyl methacrylate) could be completed to further understand the effect 
of copolymer structure over the entire sequence distribution (ADCB samples reinforced 
with alternating copolymer will be published shortly by Michael Arlen). 1 40 Another 
interesting linear copolymer that may be an effective compatibilizer is a gradient (also 
called tapered or statistical) copolymer. These copolymers vary continuously from one 
monomer to another along each chain (gradient from one monomer to another).3•78 An 
illustration of a gradient copolymer is shown in Figure 6. 1 .  Compatibilization by 
gradient copolymers may allow for a seamless morphology between phases.3 Gradient 
copolymers have been 
prepared by conventional synthetic techniques (radical and ionic), but recent success has 
been obtained using ATRP polymerization methods .78 
Many types of gradient copolymers have been synthesized with styrene, 133- 1 35 
methyl methacrylate, 1 33• 1 34• 1 36- 138 n-butyl acrylate, 1 35' 1 37 • 1 38 n-butyl methacrylate, 1 36 methyl 
acrylate, acrylonitrile, 4-acetoxystyrene, epoxystyrene, and trimethylsilylstyrene 
monomers by ATRP techniques.78 Styrene and methyl methacrylate gradient copolymers 
have been reported including an ABC "block-random" copolymers.78 • 1 33• 1 34 This ABC 
"block-random" copolymer has three blocks with each block having a different 
composition of styrene and methyl methacrylate. 1 34 The first block is composed of 
almost entirely of styrene monomer with very little methyl methacrylate. In the second 
block, the methyl methacrylate monomer is increased until similar amounts of styrene 
and methyl methacrylate monomers are present. The final block is composed of mostly 
methyl methacrylate and very little styrene present. This copolymer essentially 
transitions from a polystyrene block to a poly(methyl methacrylate) block with a gradient 
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Figure 6.1: Illustration of gradient copolymer. 
1 80 
of styrene and methyl methacrylate (random copolymer) in between. It would be 
interesting to see if this type of copolymer would be an effective compatibilizer. Styrene 
and methyl methacrylate gradient copolymers could be synthesized by ATRP methods 
and compatibilization could be determined by the ADCB test. 
Another possible study is to determine compatibilization by styrene/methyl 
methacrylate multiblock copolymers and blocky chlorinated polyethylenes with other 
experimental methods besides ADCB and peel tests. Potential techniques that may be 
used were described in more detail in Chapter 2. For instance, improvement in 
mechanical properties such as tensile and impact can be analyzed for blends 
compatibilized by these multi block copolymers, and the morphology of blends 
compatibilized by multiblock copolymers can be found to confirm finer dispersions. As 
described in Chapter 2, SEM and TEM techniques can be used to determine the 
morphology of blends, and in-situ shear cell microscopy can be used to detect both 
droplet coalescence and morphology of blends. 
The optimum compatibilization of immiscible polymer blends may not occur with 
a single type of copolymer, but rather a combination of copolymers with varying 
architectures or compositions. Therefore, different combinations of styrene/methyl 
methacrylate copolymers could be used as compatibilizers of polystyrene and 
poly(methyl methacrylate) and analyzed by the ADCB test as completed in Chapter 4. 
By using a combination of copolymers rather than a single structure type, the limitations 
of some types of structures could be overcome by the strength of another type. The effect 
of the composition distribution could also be analyzed by studying combinations of 
different multi block copolymers. The composition of the copolymer was different 
1 8 1  
whether the multiblock copolymer was ·  styrene centered or methyl methacrylate centered 
such as MSM or SMS; and while the interfacial fracture toughness of individual 
multiblock copolymers did not demonstrate a compositional dependence, it would be 
interesting to see if the same trend would occur with combinations of multiblocks. For 
instance, 50:50 combinations of MSM(50) and SMS(50) triblocks, SMSMS(30) and 
MSMSM(30) pentablocks, and SMSMSMS(21) and MSMSMSM(21) heptablocks could 
be analyzed by ADCB to find the effect of composition. 
Finally, an important study to determine if multiblock copolymers would be 
effective interfacial modifiers is to study multiblock copolymer diffusion to the interface 
in polymer blends. The success of a copolymer to compatibilize and improve the 
interfacial adhesion relies on the ability of that copolymer to get to the interface and 
strengthen it. In the studies presented in this dissertation, the copolymer was placed 
directly at the interface and the improvement in interfacial strength was determined. A 
neutron reflectivity study could be used to determine if styrene and methyl methacrylate 
multiblock copolymers can diffuse to the interface in polystyrene and poly(methyl 
methacrylate) blends. 140 
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List of Symbols 
Equation Symbols 




R Universal gas constant 
<I> Volume fractions of polymer 
N Degree of polymerizations of polymer 
X Flory-Huggins interaction parameter 
Px Deviation from randomness 
P2 {AB }  Number fraction of AB diads 
Pi Mole fractions of monomer 
'P Phase angle 
Kr Tensile stress intensity factor 
Kn Shear stress intensity factor 
E Young's modulus of homopolymers 
h Thickness of the homopolymer bar/layer 
L\ Razor blade thickness 
193 
a Crack length 
Ge Interf acial fracture toughness 
Ga lnterfacial adhesion 
� Areal chain density 
p Density 
NA Avogadro's Number 
dhkl Interplanar distances 
A Wavelength of the X-ray radiation 
0 Bragg angle 
K Shape factor value (K = 0.9) 
W112 Peak half width 
Mw Weight average molecular weight 










Atom transfer radical polymerization 
Asymmetric double cantilever beam test 
Scanning electron microscopy 
Transmission electron microscopy 
Nuclear magnetic resonance 
Size exclusion chromatography 
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